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General circu lation  controls on th e annua1 ra in fa ll cycle and on th e  
in te r-an n u a l ra in fa ll variations o ve r the central in te rio r o f South A frica  
are exam ined. T h e  major ty p e  o f synoptic system d e liverin g  ra in fa ll to 
th e  region is one in which circulations at trop ical and tem perate la titudes  
a re  linked through interaction of a w esterly trough with a low over 
trop ical A fr ic a . These systems supply 36 p er cent o f th e ra in fa ll and 
changes in freq u en cy of th e  sy items are  major determ inants o f monthly 
ra in fa ll d ep a - res. M eridional flow is poleward a t  all levels fo r  these 
sysiviiM r energy and momentum are  tran spo rted  from tropical
to  tem perate la titu d es by th e  meun e irc u l-} inn. Generation o f momentum 
and en e rg y  in th e  trop ics, which fo re * a Hat/lev C irculation  across 
southern A fr ic a , Is a necessary condition fo r  th e  formation o f these  
system s. T h e  annual ra in fa ll cycle is controlled b y th e  annual cycle o f 
en e rg y  release over southern tro p ica l A fr ica  which is dependent upon 
la titu d in a l displacements o f th e  In te r-T ro p ic a l Convergence Zone. Rain­
fa ll anomalies are  determ ined in p a rt b y in ter-an n u a l varia tions in tropical 
en e rg y  re lease. T h e  net toro idal circulation over southern A fr ica  is a 
H adley C ell o n ly  in the high seasons, in th e tran s itio na l seasons a Ferrel 
C irculation  is dominant. Two factors account fo r the changes in the 
to ro id al circu lation  -  s tro n g er fo rc in g  of th e  Hadley C irculation  b y  
trop ical en e rg y  release in th e  Ja n u ary to March summer and eastward  
displacements o f a standing w ave over the subtropical A tlan tic  Ocean in 
th e  tran s itio na l seasons. C ontro l o f ra in fa ll anomalies b y changes in 
trop ical heat release is thus stro n g er in summer than in th e  transitional 
seasons. T h e  Southern Oscillation represents a major control on tropical 
heat M e a s e  o ve r A frica . T h e  Southern Oscillation signal is transm itted  
to  southern A fr ica  via the W alker C irculation across th e  tropical Indian  
Ocean. T h e  sense of the W alker C irculation changes between summer and 
th e  tran s itio na l seasons such th a t control on heat release is stro n g er In 
summer. R ainfall anomalies are  thus determ ined to  a g rea ter ex te n t by  
changes to th e W alker C irculation  in summer than in th e  transitional 
seasons.
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subm itted fo r  th e degree of Doctor o f Philosophy in the U n i­
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T o  Olwen and Kilda
tsoborlc maps of mean p ressu re do not pro vide a satisfactory  
basiJ fo r exp la in ing  the d iffe ren ces between the/ summer and  
w in te r climates o f southern  A fr ic a , Th e normal circulations  
are  similar In  the  two seasons and th ere  Is  no m arked seasonal 
change In  the d irection  of the prevailin g  w inds . In  o rd er to 
un d ers tan d  the summer ra in s and w in ter dro u g hts  I t  Is neces­
s a ry , as In  tem perate la titu d es , to examine In d iv id u al synoptic  
s itu a tion s. Those w ith  which the summer ra in s are associated 
a re  n e ith e r freq u en t enough nor su ffic ien tly  s tro n g ly  developed 
to impose a ch a rac teris tic  p a tte rn  upon th e  isobars o f mean 
p ressu re .
S .P . Jackson, 1952
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iFrontispiece. METEOSAT Image on 22 Feb ru ary  1979 of a 
tropical-tem perate trough with associated cloud band across 
southern A fr ica .
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PREFACE
O ver few Inhabited regions of the globe is rainfall as variable as In the 
subtropics. Situated oelow the regions o f atmospheric descent In the 
Hadley and Ferrel Cells the subtropics are semi-arid and desert regions 
as a whole with sufficient rainfall to support only suitably-adapted life 
forms. Certain subtropical regions, typ ically on the eastern sides of the 
continents and close to warm ocean curren ts , are favoured with sufficient 
M n fs ll to support extensive agricu lture and industry . Yet even in these 
regions rainfall remains d istinctly variable from year to ye ar, with periods 
of abundant rainfall a lternating with periods of b ro u g ht. As population 
pressure on the aveilable land mounts so there Is progressive migration 
into the more arid regions and attendant increased dependence of the 
population on changes in the climatic, and In p articu lar in the ra in fa ll, 
environment.
Widespread attention wos f irs t  drawn to the impacts of rainfall variations 
in the A frican  subtropics during  the Sahelian drought of the early 1970's, 
which had severe consequences fo r a population th at had migrated into 
the region during a decade of abundant ra infa ll in the 1950's, In s u ffi­
cient ra infa ll to adequately support the Sahelian population has continued 
into th e  1980's during which decade severe drought has afflic ted  the 
southern African subtropics also The determination o f the dynamics of 
droughts In regions such as the African subtropics represents a major 
challenge to atmospheric scientists as no exhaustive account of the causes 
of the droughts over e ither region of A frica has yet been g iven. Dy­
namics o f ra infa ll variations over subtropical southern A frica , and In 
particu lar over a region In the central In te rio r of South A frica , form  the 
focus of the study presented In this thesis. Annual average ra infa ll over 
the region Is of the order of 500 mm - sufficient for dryland farm ing of 
crops such as corn in years of normal or above-normal ra in fa ll. Rainfall 
distributions are , however, such that below-normal rainfall occurs more 
freq u en tly  than above-normal ra in fa ll. Crop failures have occurred  
regularly in th e  region during  the early years of the 1980's.
The fundamental unit in which the dynamics of rainfall variations may 
be studied is the synoptic system. In a recent statement the D irector 
of the South African Weather Bureau has expressed the opinion that "it 
is undoubtedly tru e  th a t South African weather systems and the associ­
ated weather and weather phenomena have as ye t not been adequately 
described". The accuracy of th is statement beyond doubt. Dynamic 
mechanisms forcing the development of convective or stratiform  clouds 
over the subcontinent also remain obscure. Im portant limitations are 
th erefore present in the level o f understanding of the dynamics of rainfall 
systems over southern A frica and in the manner in which the development 
of thesa systems is controlled by th e  general circulation of th e  atmosphere 
so as to  produce periods of above- and below-normal ra in fa ll.
Two premises are accepted as a basis fo r the work covered in this thesis. 
The f irs t  is that study of the origins of the annual rainfall cycle over 
the subcontinent is a prerequis ite to the investigation of the causes of 
the ra infa ll variations. The second that the origins of the rainfall v a r i­
ations are inadequately understood and may only be interpreted in terms 
of circulation variations on the global scale. Investigation of the causes 
of the rainfall variations is thus made only afte r examination of the origins 
of the annual ra infa ll cycle. In 1952 S .P . Jackson noted that "those 
(synoptic systems) with which th e  summer rains ave associated are neither 
frequent enough nor sufficiently strongly developed to impose a charac­
teris tic pattern upon the isobars of mean pressure". It  is Insufficient 
to  study e ither th e  annual cycle o r the variations in terms simply of the 
overall circulation. Rather th ey should be studied in terms of 
ra in -bearing  synoptic systems. A classification of synoptic types 
producing rainfall Is th erefore developed to act as a pivot around which 
the annual cycle and the variations arc studied and in terpreted , 
in tra-annual and Inter-annual variatiuiis in the circulation and in the 
meridional momentum fluxes across the central in terior o f South A frica 
are interpreted in terms of changes in frequencies of the major types of 
synoptic systems to  develop models of the general circulation controls on 
tho rainfall cycle and on the variations. Associations between the rainfall 
and the Southern Oscillation, the major known mode of global circulation 
variations, are incorporated into th e  la tte r model.
Specific objectives pursued are:
a) to define a classification of the various circulation types over the 
central In terior of South Africa;
b) 'to determine the contributions of rainfall under each circulation 
type towards the mean annual ra infa ll and towards the va ria tic .s ;
c) to detail the thermodynamic and kin-m atlc structures and the 
meridional momentum fluxes fo r the overall atmosphere and for each of 
the types of systems;
d ) to  develop a model of the general circulation controls on the annual 
rainfall cycle over the western Orange Free State;
e) to investigate th e  changes to the circulation parameters and to  the  
meridional momentum flu x accompanying th f  rainfall variations and he'ice;
f )  to develop models o f the general circulation controls on the rainfall 
variations ove the western Orange Free State and,
g ) to  detail the extent to  which the circulation variations are related 
to the Southern Oscillation.
The thesis is d ivided Into th ree sections. In Part I the background lit ­
eratu re  is reviewed and th e classification of circulation types developed. 
The annual cycle of ra infa ll and the circulation Is studied in Part II and 
a model of the origins of the annual rainfall cycle developed. Rainfall 
and circulation variations are studied In Part I I I  and dominant circulation 
controls on the rainfall variations are summarised in appropriate models. 
The extent to  which phase changes of the Southern Oscillation may rep ­
resent mechanisms forcing the circulation variations is also explored.
During the course of the research sections of the work have been pub­
lished. Substantial portions of Chapter 2 have appeared in the Journal 
of Climatology and of Chapter 3 in the South A frican  Geographical 
Journal. Part o f Chapter 10 has been presented at the 1st International 
Conference on Southern Hemisphere Meteorology, O ther papers covering 
relevant work have bean published In the Journal o f Climatology and the 
South A frican  Journal o f Science and In the proceedings volumes of the 
Seminar on Principal Component Analysis In  the Earth  Sciences and the 
2nd South A frican  National H ydrology Symposium. Unpublished presen­
tations o f the w ork were made at six South African conferences.
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PART I
BACKGROUND AND THE C LASSIFICATION
CHAPTER 1
BACKGROUND
RAINFALL VARIATIONS OVER SOUTH AFRICA
Rainfall over South A frica is a function both of time and space. 
W ell-defined seasonal rainfall regimes are spatially d istributed across the 
subcontinent such that the phase of the annual rainfall cycle over the 
in terior of the cou n try , with its summer maximum, is closely inverse to 
th a t over the west coast (Keen and Tyson, 1973; McGee, 1977) (F ig . 
2 -1 ) .  Two approaches have been adopted in the development of statistical 
descriptions of the variations, in the f irs t  the emphasis has been on the 
temporal rather than on the spatial aspects. Despite numerous investi­
gations into the possibility of trends in the rainfall over the country 
( e .g . V o rs te r, 1957; Hofmeyr and Schulze, 1963; Louw, 1965; Brook and 
Mametsa, 1970; Tyson et a / . ,  1975; Onesta and Verhoef, 1976) no ev i­
dence has been obtained fo r the existence of either positive or negative 
tendencies except, perhaps, over limited regions (D y er, 1976a). Simi­
la rly  there are few regions In the entire  continent over which defined 
trends are present (Ogallo, 1979). An alternative hypothesis that the 
ra infa ll undergoes quasi-periodic fluctuations as opposed to linear trends  
has been extensively studied both over South A frica (Schumann and 
Thompson, 1934; -yson, 1971, 1980; Tyson et o /., 1975; Tyson and D yer, 
1975; T ilb u ry , 1975; V ines, 1980; Louw, 1982; Kelbe ef a ! ., 1983) and 
o ver other regions of the continent (Dehsara and Cehak, 1970; Rodhe 
and V ir jl, 1976; D yer and M arker, 1978; Ogallo, 1979; Eckert, 1980; 
Masson, 1980; Nicholson and Entskhabi, 1985a, 1985b).
Quasi-periodicities are certain ly present in various areas but generally 
account for only a small proportion of the variance at each location, In 
the second approach spatial In addition to temporal characteristics of the 
variations have been described through the use of either simple statistics 
( e .g . Schulze, 1965; Louw, 1979a, i 9b; GiUooly and D yer, 1979; van
Rooy, 1980) o r principal component analyses (D y e r , 1975, 1976a, 1979a, 
1980a, 1980b, 1981, 1982). Results o f the principal component analyses 
in p articu lar tes tify  to the spatial in addition to the temporal complexities 
of the fields of the variations and to the dependencies o f the fields on 
rainfall from d iffe ren t types of synoptic systems even across regions with  
similar mean rainfall cycles.
A un ifying objective of many of the statistical Investigations has been to 
provide a foundation fo r the long-range prediction of rainfall over the 
subcontinent. About 30 per cent of the variance of the annual rainfall 
totals over South A frica n ay be explained b y quasi-periodicities o f the 
o rd er o f 18 years, a proportion th at has proved sufficient to act as a 
basis fo r providing estimates of fu tu re  ra infa ll tendencies over the inte­
rior of the country on time scales of the o rd er of 10 years (Tyson and 
D ye r, 1975, 1978; D yer, 1976b, 1977; Oyer and T yson, 1977). T o  date 
these estimates have satisfactorily reflected observations (Lindesay, 1984) 
but the physical basis fo r  deducing fu tu re  ra in fa ll tendencies from his­
torical fluctuations has not been defined. Work to formulate an appro­
pria te  foundation has begun (Tyso n , 1981; Miron and Tyson, 1984). 
O ther statistically-based forecasting techniques promising improved spa­
tial an d /o r temporal resolution of the prognoses over th at provided by 
Tyson and D yer (1978) have been partia lly  developed. Techniques in­
clude those based on associations of rainfall with surface pressure (D y er, 
1976c, 1979a), sunspot cycles (D y e r and Gosnell, 1978) and temperature  
(D y e r , 1980c) in addition to fu rth e r  methods based on quasi-periodicities 
(Katsiam birtas and Louw, 1980; Louw, 1982). No confirm atory studies 
of the predictions made by any of these techniques have been made.
Various statistical techniques fo r long-range ra infa ll prediction have been 
developed fo r many areas of the World, the most promising of which are  
based on teleconnections with atmospheric and oceanographic anomalies 
in o ther parts o f the globe (Nicholls, 1980). To date only D yer (1976c, 
1979a) has attempted to use teleconnections (w ith the latitude o f the high 
pressure system off the east coast of A ustralia) fo r long-range prediction 
ovei South A frica . More detailed models of the general circulation con­
trols on ra infa ll over southern A frica than presently available are re­
quired p rio r to the development o f forecast models based on 
teleconnections. Ideally such models would incorporate spatial variations
on in tra - and inter-seasonal scales that are associated with the d iffe ren t 
types of synoptic systems so that any teleconnections associated with each 
typ e of system may be individually identified. Spatial scales of Investi­
gations of the circulation changes accompanying the rainfall variations 
over South A frica have, to date, been restricted to that of the subcon­
tinent in two types of studies. Both the overall circulation changes be­
tween wet and d ry  periods (R ubin , 1956; T rieg aard t and Kits, 1963; 
Hofmeyr and Gouws, 1964; Tyson, 1981; Miron and Tyson, 1984) and the 
circulations associated with specific ra infa ll events have been examined. 
The la tter group of analyses include case studies of synoptic situations 
producing excessive rainfall over short periods (T rieg aard t and Kraus, 
1957; T rieg aard t, 1961a; Estie, 1978, 1981) or extended periods (King  
and van Loon, 1958; T aljaard , 1981a) o r damaging hail (Held, 1977; Held 
and van den Berg, 1977; Held and C arte , 1979; Kelbe and Garstang, 
1986). There are also a few equivalent investigations of the circulation 
during d ry  periods (King and van Loon, 1958; Schulze, 1984). No 
systematic studies of the dally circulation types associated with either 
d ry  weather or rainfall over any region of the country have, however, 
been conducted. I t  Is presently d ifficu lt to determine the 
representativeness of the circulations revealed by the case studies o r the 
manners in which the observed circulation changes reflect the various 
types o f systems associated with ra infa ll o r d ry  weather. N or is it 
possible to ascertain the contributions o(  the types of systems investi­
gated in the case studies to the mean circulation, to the rainfall o r to 
the circulation and rainfall variations over any given region. Should the 
use of teleconnections be efficacious fo r long-range rainfall prediction  
over southern A frica , as Is implied by Dyer's (1976c) results, then the 
recognition of the major circulation types over the subcontinent and the 
establishment of th e ir links with the general circulation may provide the 
basis o f an efficient method fo r the Identification of the required p re ­
dictors. I t  is towards the development of a suitable synoptic climatology 
of circulation types, of simple models of the atmospheric dynamics In 
which the major types are synthesised into the general circulation and 
of the identification of a teleconnection possibly suitable fo r prediction  
u f southern African ra infa ll th at the work presented in  this thesis is 
directed.
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HYPOTHESIS AND DATA
T he hypothesis on which the thesis is developed is th at monthly rainfall 
totals over the central In terior of South A frica increase with enhanced 
poleward momentum fluxes across the subcontinent. A rationale for this  
hypothesis is presented In Chapter 5 while Its va lid ity  is tested in 
Chapter 10. Formulating the hypothesis in terms of adjustments in one
of the fundamental parameters of the general circulation, ra th er than 
directly In terms of circulation differences between wet and d ry  periods, 
facilitates interpretation of the links between both the cycle of annual 
rainfall over tho central in te rio r of South A frica and the rainfall va ri­
ations with the givbal-scale circulation.
Rainfall variations over two regions in the central in terior of South Africa 
are studied. Both regions lie in the Orange Free S tate, one in the west 
and the o ther in the east. The term ra in fa ll season is used to  re te r to  
the months October to A pril following Harrison (1983b). For reasons 
outlined in C hapter 7 the high seasons are defined as summer, which 
refers to the period January to  March, and w in ter, which refers to the 
period Ju ly to September. T he autumnal transitional season includes the 
months A p ril to June and the vernal transitional season the months Oc­
tober to December. Two sets of rainfall data have been used, bo‘ h 
supplier after quality checks b y the South African Weather Bureau, 
These include monthly ra infa ll d is tric t data across th e country and daily 
moan rainfall depths estimated from data from 79 stations In both study 
regions. D istric t data are available from 1921 and data fo r individual 
stations from 1946. Both data sets terminate at the end of 1977. Satellite 
images obtained from polar-orb iting  satellites have been published by the 
United States Department of Commerce (1967-1977). Annual rainfall over 
the Orange Free State during  the 1967 tv 1977 period ranged from ex ­
tremely d ry  to unusually wet. U p p er-a ir data fo r all South African  
stations fo r the period 1968 to 1577 have been subjected to quality con­
trols by the South African Weather Bureau. U p p er-a ir data are available 
on a regular dally basis only fo r the study region in the western Orange 
Free State, from the station at Bloemfontein (2906'S, 26e18’E) situated 
centrally within  the area. A ll o ther cllmatologlcal data have been obtained 
from the World Weather Records and the Monthly Climatic Data fo r the
World (Smithsonian in s titu te , 1934, 1944, 1947; United States Weather 
Bureau, 1959, 19S6-1968; United States Department of Commerce,
1957-1977).
ANALYSIS TECHNIQUES
Two exploratory techniques fo r subdividing data sets Into orthogonal 
subsets are employed, namely principal component and harmonic analysis. 
Principal component analysis Is applied to d is tric t rainfall data in Chapter 
2 in the development o f the classification of system types, to the monthly 
rainfall totals from each type in Chapter 9 to determine the typ e(s ) of 
system principally responsible fo r the rainfall variations, and to some 
indicators of circuhtion adjustments in the southern African region de­
rived from satellite imagery in Chapter 9 to determine the fundamental 
modes of the circulation changes th at account fo r  th e  rainfall variations. 
Seasonal cycles o f various parameters are studied through appropriate 
harmonic analyses of monthly data. These parameters include the rainfall 
from each type of system in Chapter 3 , the basic u p p er-a ir circulation  
variables and the various components o f the poleward momentum flux at 
Bloemfontein in Chapters 4 and 5 respectively, and the circulation and 
f lu x  variations with ra infa ll in Chapters 8 and 10.
Principal component ane,lysfs is 8 multivariate technique in which the 
number of dimensions of a data set is reduced without major loss of in ­
formation. Frequently th ere  Is a major degree of colllnearity between the 
various variables of a data sat and principal component analysis Is often 
used as a prelim inary f ilte r  to reduce associated effects In subsequent 
analyses, No model Is assumed in principal component analysis and thus, 
in the stric tes t term s, th e  extracted components are purely mathematical 
functions w ltl- no guaranteed real physical properties. Experience Ind i­
cates, however, that the components normally re flect physical properties 
Inherent in the data set. Only a brie f outline o f the essentials a f  p rin ­
cipal component analysis will be given here. C om prehend" •• ,i:nts 
may be found In many textbooks including Kendall (1975) a. dla ot 
(1979).
i
Th e components are linear combinations of the original observations in 
the data matrix defined such th at: a) the f irs t  component extracts the 
maximum variance possible from th a t of the set; b ) the second component 
extracts the maximum possible of the remaining variance subject to the 
restriction of orthogonality with the f irs t  component; c) all fu rth e r com­
ponents extract the maximum possible of the remaining variance subject 
to the restriction of orthogonality with all higher components. Given n 
variables within the data set then n components will be created which 
together retain the complete variance of the set. O ften, however, the 
major proportion of the variance is captured by a re latively small number 
of the higher components and the remaining components, fo r most prac­
tical purposes, may be discarded. Thus there is a net decrease in the 
number of dimensions to be considered In addition to the reduction 
achieved in the problems associated with collinearlty amongst the v a r i­
ables. Components may be extracted from the covariance or correlation 
matrices o f the data set. In this study components have been extracted  
from the correlation matrices.
In n-dimensiona! space a data set may be viewed as n vectors of vary ing  
magnitudes measured as projections on n  oblique ( i .e .  correlated) axes. 
A new set of n orthogonal principal axes Is defined from the same origin  
such th at the variance of the data along the f irs t  axis representing the  
f irs t  principal component is a maximum. Similarly the second principal 
axis is selected so that the variance along the axis Is a maximum subject 
to the axis being orthogonal to th e f irs t ,  and so on. T he directions of 
the principal axes are defined  b y  the eigenvectors of the covariance or 
correlation m atrix. A simple geometric in terpretation o f the eigenvectors 
has been given fo r the case of a 2 b y 2 data  m atrix In which they are 
the prim ary and secondary axes of the ellipse centred at the origin  
passing through the data points in two-dlmenelonal space (Gould, 1967). 
In th is case the length of either eigenvector is given by the appropriate 
eigenvalue. In the more general case the eigenvalues measure the v a r i­
ance of the data along the eigenvectors and are the roots of the char­
acteristic equation of the app 'opriate m atrix. Calculation of the cosines 
of the angles between the principal and the original axes produces the 
loadings m atrix. When components have been extracted from the co rre­
lation m atrix the loadings represent the correlations between the principal 
and the original axes and may be obtained simply by scalar multiplication
of th e  eigenvectors by the square roots o f the corresponding eigenvalues. 
Magnitudes of the loadings for each variable on each component normally 
fac ilitate clustering of variables into groups fo r which there is or is not 
a high degree of co iilnearity. Two simple techniques are employed to 
achieve the clustering of th e  variables. In the case o f the rainfall ana­
lyses of Chapter 2 spatial mapping of the loadings is used to permit 
subjective clustering of the ra i,.fall d istricts into groups whereas in all 
other cases clusters are formed from those variables with loadings ex­
ceeding an a p rio r/s e lec te d  value. Projections of the original vectors 
on the eigenvectors are contained in scores matrix which represents 
correlations between the components and the observations. Scores are 
calculated in Chapter 2 where they represent time series o f ra infa ll as­
sociated w ith  each component. These time series are employed in Chap­
ters  9 and 10 to obtain correlations of ra infa ll with o ther geophysical time 
series. Computational details o f principal component analysis are pro­
vided in Appendix A.
Mathematically optimal vectors in n-dimensional space need not necessarily 
be th e  outcome of a principal component analysis. Consider th e  simple 
case in which the original data set forms two similar clusters in 
n-c'-mensional space. Extraction of the maximum possible variance in this 
event will result in the eigenvector of the f irs t  component being directed  
towards the centre of g rav ity  of the two clusters ra th e r than towards 
either o f the clusters themselves. Rotation of the eigenvectors may be 
applied to handle this situation and to simplify the interpretation of the 
components. A discussion of the principals of rotation as developed for 
fac tor analysis Is provided by Comrey (1973). Rotation of principal 
components is a valid  technique when components have been extracted  
from the correlation m atrix (Brow ne, t9 8 3 ). An example of components 
of South African rainfall p rio r to and afte r rotation is given by Dyer 
(1975 ). Varimax rotation, introduced by Kaiser (1958), tends to increase 
high loadings and decrease low loadings. Resultant distribution changes 
afte r Varimax rotation have been used to assist the interpretation of the 
components derived in C hapter 9 . Component interpretation in Chapter 
2 relies on th e  spatial d istribution ra th er than on the magnitudes o f th«  
loadings and consequently no rotation has been applied.
W T fr
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Harmonic analysis is a technique by which cyclic data may be resolved 
into sums of sine and cosine series. Complete mathematical details of the 
technique are discussed by Rayner (1971) and Bloomfield (1976) and are 
summarised in Appendix A . Two applications of harmonic analysis are 
commonly adopted In meteorology. In the f irs t  zonal harmonics are ex ­
tracted from uniformly-spaced data around a line of la titude. I f ,  for 
example, the data were 500 mb heights then the zeroth harmonic is the 
mean height around the zone and the f irs t  harmonic represents a single 
sine curve describing deviations of the heights from the mean, i.e .  the 
displacement of the centre of the polar vortex from the pole itse lf, and 
is often re ferred  to as wave 1, O ther harmonics similarly represent 
higher numbers of waves fitted  to the data and are re ferred  to as waves 
2, 3 and so on. The second application, used in Chapters 3 , 4 , 5 , 8 
and 10, fits harmonics to time series at a po in t. Because monthly data 
are used in all cases only six harmonics in addition to the zeroth harmonic 
( i .e .  the mean) may be derived . T h e  f irs t  harmonic then represents the 
annual cycle of the parameter, the second harmonic the semi-annual cycle, 
and so on. Application of e ither technique runs into interpretation  
problems when the data may not simply be resolved into harmonics. For 
example, a harmonic analysis o f surface elevations around the Equator 
would not produce a single harmonic in which the continents may be im­
mediately recognised because these are not uniform ly d istributed around 
the globe. Several of the higher harmonics would together describe the  
disposition of the continents. Despite th is problem harmonic analysis, 
like principal component analysis, remains a valid and valuable technique 
with which to make ins truc tive exp lora tory investigations of da a sets.
IT
CHAPTER 2
A GENERALISED C LASSIFICATION OF SOUTH AFRICAN RAIN-BEARING  
SYNOPTIC SYSTEMS
INTRODUCTION
Classification of circulation types has frequently been adopted in 
meteorological research as a technique to assist interpretation of the 
complex flow changes associated with both the mean circulation and its 
variations over a given region. I t  Is normally assumed in classification 
approaches th at climatic means are reflec'ions of the integrated effects 
of each circulation type across a number of years while climatic variations 
are the consequences of associated inter-seasonal frequency adjustments. 
A fu rth e r  implicit assumption is th a t the variance of the circulation within  
eaci. type may to a f irs t  approximation be neglected such that climatic 
averages and variations may be viewed as simple aggregates of the 
weighted moans of each circulation type. Although this la tte r assumption 
may not necessarily be valid there is consensus that classifications pro­
vide valuable tools fo r prelim inary climatic investigations. An extensive 
review of the objectives, techniques, applications and problems of the 
classification approach has been given by B arry and Perry (1973).
Most classifications have been developed In terms of e ither pressure or 
flow fields through techniques which emphasise the typ ical spatial d is­
tribution  of pressure over a region (e .g . Lund, 1963; Kutzbach, 1967; 
Brinkm ann, 1981), the d istribution of pressure systems such as 
anticyclones and depressions (e .g . E llio tt, 1951; Vowinckel and 
Oosthuizen, 1953; Vowinckel, 1954; van Loon, 1958; Yoshino, 1968; B arry  
et a ! .,  1981), the direction o f the flow over a region in combination with 
the disposition of synoptic systems (e .g . B arry , 1960; M urray and Lewis, 
1966; Lamb, 1972) or the movement of specific types of systems such as 
cyclones (e .g . Thomas, 1960a, 1960b). Rainfall statistics are subse­
quently developed and in terpreted  in terms of the flow represented by 
each category within the classification. Four pressure field  classifications 
have been developed in southern A frica using surface data alone. 
Vowinckel (1955a, 1956) subjectively developed models of typical flow 
fields associated with fine or various types of wet weather across both 
South A frica (specifically fo r the Pretoria region) and southern  
Mozambique (specifically for the Maputo reg io n). A ltern a tive ly , using 
Lund's (1963) objective technique, Longley (1976) identified several 
dominant circulation types in terms of characteristic 'pattern  days' over 
fo ur sections of South A frica In both the w in ter and summer seasons. 
Both the seasonal variation and an indication of the contribution to re­
gional ra infa ll fo r each synoptic type are provided by the two classi­
fications fo r  South A frica b u t in neither case is an indication given of 
the Importance of individual synoptic types in the determination of raiiif’all 
anomalies. A fourth  scheme, derived o rig inally to fac ilitate the study 
of wind power potential along the South A frican coastline (Diab and 
Gars tan g , 1984), has been applied to the study of rainfall over the 
eastern " - i r  ;vaal (D iab, 1984). In all schemes the dynamic: of each 
system have not been examined such that the mechanisms producing the 
associated rainfall remain to be investigated.
An a lternative approach to the development of a classification over 
southern A frica Is followed in this C hapter. The u p p er-a ir circulation  
is undoubtedly of critical importance in th e  control of cloud development 
over the region b u t u p p er-a ir data are too scarce to be used to formulate 
a classification. In order to partia lly  bypass th is  problem the traditional 
approach described above is reversed and the ra infa ll itse lf is used to 
define the classification. Associated c.rculation fields are subsequently 
estimated fo r each category. One disadvantage of this technique is that 
it  Is limited to rainfall events - no sub-classification of circulations 
producing d ry  weather may be form ulated. A classification fo r the 
eastern Orange Free State has already been subjectively developed along 
these lines using a combination of satellite and surface pressure data for 
one ra infa ll season In which the prime parameter fo r Inclusion of an event 
In a p articu lar category was the d istribution of cloud o ver the subconti­
nent as revealed by METEOSAT Imagery (Erasmus, 1980). Surface data 
were used to ensure sim ilarity of the surface dynamics fo r each typ e of
system. Monthly statistics of i'ns ra infa ll and of the tropospheric circu­
lation for each type of system were subsequently deduced.
A technique is employed here in the development of a classification which 
has major advantages over Erasmus1 (1980) method. Satellite imagery is 
used in combination with a principal component analysis of monthly rainfall 
fields to develop the classification by identifying  those synoptic systems 
whose spatial cloud and hence rainfall d istributions, as revealed by the 
satellite imagery, matches the spatial loadings fields of the higher com­
ponents, Th e inclusion of th e  principal component analysis in the tech­
nique has the potential advantages that the spatial fields are objectively 
defined and that an estimate of the rainfall variance accounted fo r at any 
point by each system may be obtained. Time series of rainfall from each 
of the classified systems also result from the principal component analysts 
and the fu tu re  use of these In the study of the interactions between the 
systems and the general circulation w i'l be discussed.
ANALYSIS TECHNIQUE
Since the f irs t  application o f principal component analysis to statistical 
forecasting (Lorenz, '956) many meteorological fields have been studied 
by this technique including Northern Hemisphere 500 mb heights 
(Craddoc'< and Flood, 1969; Horel, 1981), European and North American 
surface temperatures (G ray , 1931; Rasmusson ct a / . ,  1981) and annual 
cyclone frequencies over eastern N orth America (Hayden, 1981), P rin ­
cipal component analysis has freq u en tly  been used as a technique for 
developing objectively-defined classifications of meteorological parameters 
(e .g , Christensen and Bryson, 1966; Brinkm ann, 1981) although, when 
used in the analysis, rainfall has never solely formed the basis o f the 
classification. Nevertheless increasing attention has been paid in recent 
years to the study of rainfall through the determination of principal 
components, usually to form the basis o f a subsequent statistical analysis 
of the spatial and temporal properties of rainfall over a region, to fac il­
itate the study of associations between rainfall fields and th e  atmospheric 
circulation or to identify regions with common precipitation character-
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Istics. Principal component analysis, or related techniques, has been 
applied to the study of rainfall over North America (S tid d , 1967; 
Kutzbach, 1967; Sellers, 1968; Skaggs, 1975; Willmott, 1977, 1978; 
Klugman, 1978; Johnson, 1880; WaSsh and Mostek, 1980; Diaz and 
Fuibright, 1981; Diaz, 1981; Walsh e t c / . ,  1982; Karl and Koscielny, 1982; 
Legates and Willmott, 1983; Kim e t a ! . ,  1984; G ranger, 1984), North 
America and Eurasia (B a rn it t  and Preisendorfer, 1978), the British Isles 
(P erry , 1370b; G regory, 1975; Johnston, 1981; Wigley et o f., 1984; 
Logue, 19ti4; Woodworth, 1985), various parts of Europe (Tabony, 1981; 
Molteni e t  o /,, 1963; Goossens, 1985), Israel (Gabriel, 1972), India and 
south-east Asia (Gadgil and Iyengar, 1980; Bedi and B indra, 1980; 
Rakhecha and Mandal, 1981; Reiter, 1963; Campbell et a / . ,  1983; Cadet 
and Diehl, 1984,• Suppiah and Yoshino, 1984), ''3waii (Lyons, 1982), the 
global troptes (Kidson, 1975), various sections o f north A frica (Aoyade, 
1977; Klaus, 1978; Gregory, 1982; Melice and W endier, 1984), East A frica 
(Ogallo, 1980), Mauritius (Dennett, 1978), the southern continents 
(P ittock, 198' , psrts of South America (P ittock, 1980; Teixera and 
R eite r, 1985), Australia (W right, 1974; Pittock, 1975; Austin and Yapp, 
1978; Wigley and Q ipu , 1983} and New Zealand (Salinger, 1980). in South 
A frica principal components have been employed to delimit regions of like 
preupitaSten characteristics (D yer, 1975), to investigate links between 
rainfall and the general circulation (D y e r , 1979a) and to provide de­
scriptions of rainfall fields and of th e ir properties (D y er, 1979b, 1980a, 
1980b, 1981, 1982; M ather, 1983; Kelbe, 1983; Kelbe e t a ! . ,  1983).
Two major problems present themselves in any principal component anal­
ysis, The f irs t  is the selection of the cu t-o ff level below which all 
subsequent components will be rejected. The second, o f particu lar Im­
portance here, is th e physical interpretation of the retained components. 
Frequently some a  pr/oW -defined numeric value Is employed to determine 
the cu t-o ff level, such as an eigenvalue o f u n ity , as suggested by Kaiser 
(1960 ), an explained variance of (say) 90 per cent (used in the present 
study fo r the in itia l retention of components), a specified number of 
components o r a limiting eigenvalue as determined by the scree test 
(C atte li, 1966). A ll such techniques, although retaining mathematical 
consistency, su ffer from th e  imposition of physical arbitrariness. There  
can be litt le  doubt that the most satisfactory method, but normally the  
most d ifficu lt to apply m practice, Is to lim it the number of components
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to those to which a physical interpretation may he attached. This la tter  
approach requires the o p rio ri  acceptance of the postulate that acceptable 
physical interpretations of the results of the purely mathematical manip­
ulations, at least fo r the h igher components, may be found. There  are 
no theoretical grounds fo r, nor indeed any general agreement on, the 
acceptance of this postulate but experience suggests th a t it  may be true  
(e .g . Christensen and Bryson, 1966; Kutxbacb, 1967; Salinger, 1980). 
The postulate is accepted here.
In the present case principal component analysis is applied to  extract  
eigenvectors describing spatial patterns of rail anomaly distributions. 
To a certain extent the geographical shape of the area over which data 
are analysed predetermines the spatial d istribution of the loadings on the 
higher components (B u e ii, 1975). Th e loadings fields o f the  
eigenvectors, when mapped, nevertheless delineate clusters of rainfall 
districts over which rainfall anomalies are coherent, inspection of the  
loadings fields ar.d the correlation matrices confirms th a t the regions of 
highest loadings on the major components define areas over which rainfall 
anomalies are well correlated (Sharon, 1983a). Such anomalies repres­
ented on a given component are surm bed to result from variations in 
ra infa ll from a single type of synoptic system whose spatial ra infa ll dis­
trib u tion  matches that of the loadings field  of the component. Id entifi­
cation of the system will be simplified i f  the spatial rainfall distribution  
remains quasi-constant fo r all systeirs of th a t type and that no other type  
produces a similar d istribution . As will be seen the two conditions are  
satisfied b y  the major disturbances over South A frica ,
Ideally th e  analysis should be run on daily ra infa ll series. Problems of 
missing and occasionally inaccurate data, not to mention the marked 
spatial inhomogeneities associated with short-period convective ra in fa ll, 
however mitigate against this approach. Instead monthly (September to  
A p ril) d is tric t ra infa ll data fo r 64 d istricts across South A frica (Fig, 2 -1 )  
fo r the period 1921 to 1977 have been utilised. These have the advan­
tages o f being means taken across a minimum of five  representative  
stations within lim ited, cllmatologically-unlform areas defined by the South 
African Weather Bureau and of being reasonably uniformly distributed  
across the country. Thus the Influences of inaccurate data and of 
loeal-scale spatial Inhomogeneities, In addition to those result ng from
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Figure 2 -1 . Seasonal ra in fa ll d istribution across South A frica  
(a f te r  Keen and Tyson, 1973). The dots locate the centres of 
the 64 South A frican Weather Bureau ra in fa ll d istricts fo r which 
data were used In the analysis, The Escarpment separates the 
high In terior plateau from the low er-lying  coastal regions. Rec­
tangles define the areas of the eastern and  western Orange Free
non-uniform iy distributed  data (K a rl e t a l . ,  1982), are reduced. The 
price paid fo r  the use of the d is tric t data is the loss of information over 
the ia r  north-east and much of the d ry  north-west of the cou n try . As 
the objective is to identify dai'y circulation features the data have been 
sta n d a rd is e  by d is tric t (to  a ^nesn of zero and a standard deviation of 
unity) to eliminate the effects of sputlal and locational (e .g . altitude) 
variations. This approach varies from earlier work on the same data set 
(using Ju ly to June totals fo r the period 1921 to 1975) in which p er­
centage variations from the means were treated  e ither as raw (D y e r ,  1982) 
or standardised (D y e r , 1981) input to the analyses.
In a study of ra infa ll over a 2 ° b y 2°  block of the eastern Orange Free 
State it  has been demonstrated th at monthly rainfall totals could be ade­
quately described by the frequency of rain days alone (H arriso n , 1963b). 
These results have been verified  fo r the western Orange Free State. 
Thus monthly rainfall totals at any point will be determined simply by 
the frequency of passage of each type of system. I f ,  durin g  certain
months, a given type of system crosses a region rather me're or rather  
less freq u en tly  than normal then the change wiU ! r- reflected in both the 
resulting ra infa ll totals and in the corresponding!/ ...iher or lower scores 
of the eigenvector describing the relevant p attern . The identification 
of the synoptic systems surmised to be represented on each component 
were consequently deduced by inspecting p o lar-orb iting  satellite imagery 
during  months of unusual1'/ high or low scores (defined as deviations in 
excess of one standard deviation frcm normal) for an increased or reduced 
frequency of systems whose rainfall pattern matches the loadings field  
of th e  eigenvector.
One fu rth e r  aid was used to assist the Identification process. Most 
eigenvectors include both positive and negative loadings. On a dally 
basis this indicates th a t relevant systems producing rainfall over the 
(say) positive region will most likely be associate*! with d ry  weather over 
the negative region, and Wee versa. The zero loading isopleth provides 
a rough indication of the lim it of influence of either system 
notwithstanding any overlap that may occur. A principle of mutual 
exclusiveness »f circulation patterns may, in consequence, be proposed. 
T h at is , in order for rain from one system to be disassociated with 
contemporaneous rain from the alternate system, the atmospheric circu­
lation giving rise to the one system should preclude that of the alternate
THE C LASSIFICATION
Tropical-tem perate troughs
Th e major component of the September tz  A pril period. Component A, 
accounts fo r in excess of 35 per cent of the variance In all months (F ig . 
2 -2 ).  Spatial loadir- i  fields in all months are similar to that of January 
(F ig . 2 -  A tn -w est to south-east ridge of high loadings crosses
th e central i . i ’-ertor o f the cou n try , with weak and sometimes negative 
loadings on the south-west coast and re latively weak positive loadings
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Figure 2 -2 . Variance (p e r cen t) explained b y e izh  component 
discussed In  the tex t numbered by month. Ccmpunents given  
similar physical In terpretations are linked and glx-’in  an Id enti­
fy in g  le tte r . The Identification of Compa.ient £" w :.' ambiguous 
In  December. The underline*' .'/r’ t/rvs give the variance explained  
b y  Components A to F .
ovar the northern Transvaal ar>d southt .-k and sastern coasts. A weak 
su rf see trough of like  orientation to t'nut of the major axis of Component 
A but displaced westward has been detected In summer mean pressure 
fields. Deepening of the trough appears to coincide with periods of 
heavier rainfall i 'u b in , 1956; T aljaard , 1958; Hofmeyr and Gouws, 1964). 
The trough is ft  Tuantiy found in daily summer 850 mb height analyses 
and is normally associated with a well-defined boundary separating moist
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Figure 2~3. a )  Loadings (x IO -1)  on the , ir s t  January component 
as an example o f Component A . b ) Loadings (x tO 'x) on the 
second January component as an example of Component B .
a ir  to the east from d ry  a ir  to the west. Thunderstorms, which develop 
preferen tially within a 300 km zone extending eastward from the bound­
a ry , denoting the zone to be a region of surface convergence (T aljaard, 
1968).
No indication of the dynamic nature of the surface trough was available 
until satellite observations revealed its axis to freq u en tly  delineate the 
western boundary of a band of clouds, connecting the tropical cloud 
masses over central A frica to a temperate cyclone to the south of the 
continent (F ig .;. 2 -4  and 2 -5  and Frontispiece), On such occasions the 
trough is a surface manifestation of circulations associated with one of 
several cloud band's distributed  around the Southern Hemisphere 
(S tre ten , 1973) and marks, according to Johnson (1969), "the strong 
confluence of the low-level flow into an asymptote of convergence along 
o r on the eastern edge of the band". Mesoscale observations in the 
eastern Orange Free State have confirmed that the bands develop in re­
gions of marked forced low-level convergence between air flows around 
two eastward-moving anticyclones in conjunction with a 
beroclln ically-unstable atmosphere. They ar often assotiaivu w!th  sur­
face cold fronta l passage. South African m eteorologies havs expressed 
tha opinion th a t fronts rare ly  lnvr.de the In terior or the country during  
th e  rainfall season months (T rieg aard t and Kraus, 1957; Taljaard , *972),
<Figure 2-H . Top  -  TiR O S-N  image of a truncated trough with  
associated c h u d  bond term inating at a coastal depression on 21 
Feb ru ary  1579. Lower • Surface (o ver oceans -  mb ■■ dashed),
850 mb (o ver land  -  gpm -  dashed) and 500 mb (gpm - fu ll)  
corresponding 12CJZ analyses adapted from South African Weather 
Bureau analyses.
Caste studies o f known fronts , al' associated with severe weather condi­
tions, have been provided b y T rie g aa rd t and Kraus (1957), T ucker 
(1971 ), Held and van den Berg  (1977 ), Estie (1978) and Held and Carte 
(1979), T he eastern Orange Free  State observations indicated, however, 
that the fronts were associated with marked mesosv, 'e wind direction  
shears b u t oniy with r e i - . 1 smail tem perature and • - sure deviations.
Neither of the la tter may be read ily resolved by t ,.- r^ .o n a l synoptic
1
Figure  2 -5 . As F lp  iru  2-4 b u t fo r a tropical-tem perate trough  
w ith  associated cloud band term inating at a temperate cyclone 
(not seen on satellite Image •  see Frontispiece) on 22 F ebruary  
1979.
analyses. Subsequent analyses have suggested that the mean frequency  
of trans it of the bands across the in terior o f South A frica during the 
warmer months, and hence of fro n W  passage, is of the order of once in 
seven days. This fig u re  Is in agreement with results obtained from 
International Geophysical Year data (van Loon, 1965) and from spectral 
analyses of daily pressure at South African coastal stations 
(Preston-W hyte and Tyson. 1973). Surface troughs in itia lly associated
with bands may, however, subsequently be replaced by cold-low level 
highs. Surface circulation features are unreliable guides to the presence
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of a cloud band. The bands appear to form uniquoly, however, on the 
leading edges of cyclone wave troughs, as Indicated by Johnson (1969) 
and Streten (1973), at times when a tropical low extending throughout 
much of the troposphere Is present over central A frica at about 20°S 
(Harangozo and Harrison, 1983). In view of the continuity in time and 
space of the u p p er-a ir (ra th e r than the surface) trough systems associ­
ated with cloud bands will be titled  tropical-tem perate troughs. These 
systems are equivalent to the 'polar trough in the easterlies' discussed 
by Riehl (1945).
Studies f *  satellite imagery point to  two basic forms taken by 
tropical -csrate troughs, each producing similar spatial rainfall dis­
tributions. Iv the f irs t  (F ig , 2 -4 ) the associated cloud band terr.iinateis 
at a coastal disturbance on the south coast - these systems will be titled  
truncated troughs; in the second (F ig . 2 -5 ) the connection to the 
temperate cyclone Is complete. Th e f irs t  form freq u en tly  precedes the 
second, as in Figures 2-4 and 2 -5 . Dully cloud band locations in the 
vic in ity  o f A frica fo r the two months of January during the period of the 
satellite record with the highest and lowest scores on Component A are 
shown in Figure 2 -6 , With no allowance made fo r missing or problematic 
data bands were present during  both months on 23 days with similar 
frequencies fo r the months of January in other years. The frequency 
o f band formation is thus independent of rainfall over southern A frica . 
Marked variations in the locations of the bands and hence of the troughs 
occur, however, between wet and d ry  months. D uring the wet month 
of January 1974 (F ig . 2-6a) the bands were concentrated over the interior 
of South A frica , with few in th e region of Madagascar. A marked shift 
in band locations towards the Madagascar region occurred during the d ry  
nonth of January 1969 (F ig . 2 -6 b ),
Components A and B together explain close to 60 per cent of the total 
variance in all months (F ig . 2 -2 ) .  The loadings field of Component B 
bisects th at of Component A Into two regions of opposite sign, the zero 
loadinr isopleth on Component B (F ig . 2 -3b) running approximately along 
the major axis on Component A (F ig . 2 -3 a ). Equivalent orientations of 
the two oppositely-loaded regions on Component B to th a t of the major 
axis on Component A suggest th at Component B might also represent 
rainfall from tropical-tem perate troughs. Bands were frequent over the
^■VnrjjWr~-r-T'~!r yyr-H1'
Figure 2 '6 . Dally central axes of cloud bands estimated from  
satel’ 'i ‘m agery fo r a )  January 1974; b ) January 1969; c ) Jan-
western  in terior during  January 1974, a month with a high positive score 
on Component B and heavy rains over the normally d ry  Karoo (T aljaard, 
1981a) (F ig . 2 -6 a ) . In January 1975, with a high negative score on 
Component B and drought over sections of the Karoo, a much reduced 
frequency of bands over th e western parts occurred (F ig . 2-G c), Con­
versely the frequency of bands over the eastern In terior Increased from 
1974 to 1975. Component A describes- 'u erafo re , the general rainfall 
associated with the north-w est to south oast orientated troughs, whereas 
Component B differentia tes between periods of preferential relocation of 
the troughs over the subcontinent to the east or to th-v- west of the axis 
on Component A.
Component C explains a little  over four per cent of th e  variance of the 
rainfall of tha months January to March (F ig . 2 -2 ) ,  The loadings field  
of th is Component (not Illustrated) Includes fo ur cells of similar orien­
tation to the major axis on Component A, The Component appears to 
provide fu rth e r spatial d ifferentia tion between trough locations.
Cloud bands, similar to those over South are one of the major
characteristic features of the Southern . ,,t=re circulation visible on 
most satellite images. Seasonal and annual ulimntological mean locations
XFig u re  2*7 . Locations of cloud bands over the Southern Hem!' 
sphere during  the period November 1966 to October W ?  In  o) 
December to M arch, b )  A p ril, M ay, October and November, c) 
June to September and d )  the year adapted from  Streten  (7973). 
Plots were developed from f iv e -d a y  averpf f  brightness satellite 
mosaics and Isopleths g ive percentage frequencies that axes of 
bands were /ocatef4 w ith in  5 e la titude b y 10° longitude squares.
of the bands (F ig . 2 -7 ) have boen deduced from 5-d ay average s a te lli'i  
brightness fluids by Streten (1973). Band numbers during  any given 
period range between zero and seven but during the austral summer 
season the most common number is th ree . Of these three two are normally 
the q u as l-pe rra n en t bands, present throughout the ye ar, of the central
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Figure  2 -8 . Brightness  patterns In the southern African region  
fo r a )  F ebruary 1971 and b )  F ebruary 1969 adapted from K rueger 
and Winston [1979 ). H eavy stippling denotes the b rig h tes t areas 
{high cloudiness') and lig h t stippling the darkest areas (low  
cloudiness).
Pacific and Atlantic Oceans. The band across the Indian Ocean is the 
only one to undergo a seasonal locational m igration, anti-phase to that  
of the Indian Ocean Anticyclone, between the western ocean in summer 
and the eastern ocean in w in ter. Two oceanic regions <\f bond locations 
appear in Figure 2-7 on e ither side o f South A frica but th a t In the  
Atlantic Ocean in w inter reflects tha jua fog and the stratus decks of 
th e  region. Streten (1973) suggests that the Madagascar region Is the  
clim atologically-preferred location of the African bands. I t  should be 
noted, h ■ te r , that the period of analysis on which these results are 
based wt.» a predominantly d ry  one over southern A frica and «;s such, 
as in Figure 2 -6 , was one In which the bands tended to develop p re fe r­
en tia lly across Madagascar ra ther than across the subcontinent. Alsa 
indicated in Figures 2 -6  and 2-7 is a tendency fo r the bands and hence 
the troughs to be bimodally d istributed  In space off the east coast of 
southern A frica , Th e bimodal distribution is well displayed in satellite  
brightness fields (F ig . 2 -6  - c f . also Fig. 3a of Heddinghaus and 
Krueger, 198?) and has been suggested as a possible cause o f the rela­
tive ly  low rainfall over the Limpopo Valley along the northern border of 
South A frica (H arrison, 1984c),
Figure 2 -9 . a) Loadings (x /O -1) on the th ird  January component 
as an example o f Component D . b ) Loadings (x IO -* )  on the 
fo urth  January component as an example o f Component £ .  c) 
Loadings (x fO -8) on the sixth  January component as an example 
of Component F .
Coastal depressions
Component D , which may be identified from September to A p ril, reaches 
peaki of explained variance in November and February (F ig . 2 -2 ) .  A 
negatfvefy-loaded area Is present in the loadings fie ld  o f Component D 
across the central and western In terior of the country (F ig . 2 -9 a ). High 
positive loadings are found along the southern coast, extending to a weak 
positive area across Natal and the Transvaal. Orography appears to play 
a role in the definition of the field immediately to the north of the south 
coast Ccf. F ig. 2 -1 ) .  Rain along the south coast occurs with the passage
Figure 2-10. As Figure  2-4 bu t fo r the coastal depression of 9 
Feb ru ary  1979 -  a case with  more extensive In land cloud than 
often found.
of coastal depressions ahead of cold fronts and, In frequently , of the fro n t 
itse lf. The m ajority of the cyclonic disturbances are shallow coastal lows 
b u t study of the satellite Imagery indicates th a t some of the depressions 
develop through a significant depth of the troposphere and bring  ex­
tensive cloudiness and rain onto the In terior plateau (F ig . 2 -1 0 ). Rainfall 
from bands of cumulonimbus clouds, which on occasion connect the 
tropical cloud masses with the coastal depressions across the eastern 
parts of the cou n try , possibly provides a basis fo r the Interpretation of 
the positive loadings in this area. Coastal lows form in several areas of 
the world b u t those along the South African coast are probably the bast
'^STispr
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developed and have been the subject of several theoretical studies (G ill, 
1977; Bannon, 1981; Anh and G ill, 1981). Spectral analysis of surface 
pressures at stations around the South African coast has indicated that 
the typical frequency of passage of coastal lows along the coast, about 
once in seven days, remains quasi-constant throughout the year 
(Preston-W hyte and Tyson, 1973). There are , however, several d iffe ren t  
typos of coastal lows, the typical modes of behaviour of which h av j been 
descr1' 'd by Estie (1984). Th e major distinguishing feature between the  
archetypal coastal lows and the coastal depressions of the present clas­
sification appears to be the re lative location west of the vortex of the  
upper-level westerly wave associated with the cold fro n t, Coastal lows 
are limited in the vertical direction to about the 850 mb level by the  
subtropical Inversion, a consequence of the lack of coupling between the  
lower vortex and the upper-level wave. Should the phase difference  
between the lower and upper-level systems be reduced such th a t the wave 
overlies the surface low then development may proceed into the 
upper-troposphere (Estie, 1984; Anonymous, 1984) with the consgquent 
formation of a coastal depression.
Subtropical cyclones
Few discussions of the synoptic situation described by the negative 
loadings on Component D have appeared in the lite ra tu re . The region 
in question .s covered by clusters of cumulonimbus clouds extending  
southward from the tropics. In general the cloud clusters terminate in ­
land from the south coast and develop under conditions In which the  
surface flow Is dominated by an Intons" cell o f high pressure resident 
on the eust coast (F ig . 2 -1 1 ), A strong low-level flu x  of moist a ir  Is, 
consequently, present o u t the South African Weather Bureau 850 mb 
analyses freq u en tly  fall to indicate the presence of any surface d is tu rb ­
ance which might explain the ra in fa ll. U pper-level westerly waves are 
in all Instances remote from 'ie continent. On some occasions a cyclonic 
vortex, normally limited to the upper troposphere, Is clearly apparent 
In  the satellite imagery and Inspection of radiosonde data has Indicated
Figure 2 -1 1. As F igure  2-4 hu t fo r the ^ubti'oplcal cyclone of 
18 January 1976 (N O AA -4 image -  note the 24-hour doto break  
at approximately iO °E ).
th is to be cold cored. This la tter p roperty together with the d is tu rb ­
ances' tropical origins suggests th at the systems may be similar to the 
summer-time tropical oceanic upper-level cold-cored lows observed over 
the Atlantic and Pacific Oceana. Sometimes referred  to as subtropical 
cyclones these lows have most recently been discussed by Kousky and 
Gan (1981), Shimamura (1991, 1982), Kelley and Mock (1982) and Johnson 
ar:d Snook (1U83). I f  th is is the case then th e ir  s tructure may be d if­
fe re n t from the lows of the tropical circulations at 15 to  20°S which, 
according to Taljaard (1972 ), extend throughout much of the troposphere 
and are cold cored only in the lower layers and warm cored above. The
two d iffe ren t types of iowf may normally be readily d ifferentia ted  in the 
satellite imagery. Subtropical cyclones are associated with heavy rainfall 
over part? of South Africa •  a case study fo r a system identified in the 
satellite images as a subtropical cyclone has been gv.-en by de Villiers 
(1977). Heavy falls from 'east wind troughs’ , which are probably 
equivalent to  subtropical cyclones, tend to be concentrated into the pe­
riod December to March according to Taljaard (1982a). In February 1972 
th ere  may have been an unusual contribution to ra infa ll on this component 
when Cyclone Eugan-.i, c'ie of the ra re Indian Ocean tropical cyclones 
to mount the in terior p w w t - ‘ ••fvica, provided rainfall with a d is trib ­
ution spatially consistent with the negeiive region of tJ*> loadings field  
of Component D.
The atmospheric circulation patterns required fo r  the development o f the 
synoptic systems described by Component D conform with the principle 
of mutual exclusiveness. Coastal depressions and subtropical cyclones 
are prim arily disturbances w ithin the westerly and tropical easterly flows 
respectively. In synoptic terms development of a coastal depression re­
quires the presence of upper-level divergence as supplied by a westerly 
w ave. The fact th at the in terior regions are normally devoid of cloud 
at such times indicates th a t upper-level convergence must dominate this 
area. A ltern a tive ly  subtropical cyclones develop under conditions of 
upper-level divergence in the tropical easterly flow together w ith, 
normally, attendant upper-level convergence over the coastal regions. 
Displacements of the zone of convergence are reflected in latitudinal ad­
justments in the location of the upper-level subtropical high.
West coast cyclones
Component E, which may be traced from October to March but fo r reasons 
presently not understood does not appear in February, accounts fo r in 
excess of 7 per cent of th e variance In the outer-season months of No­
vember and March (F ig , 2 -2 ) .  Two major regions of high loadings appear 
on the component, a prim ary positive area over the central western Cape 
coast and a negative area along the Natal coast (F ig . 2 -9 b ). Cyclones
Figure 2-12. As F igure  2-4 b u t fo r the wust coast cyclone o f 30 
January 1975 fNOAA-U Image -  note the 24-hour data break at
approximately 30 °E ). ,
affecting the west coast appear to give rise to the positively-loaded re­
gion. These develop e ither close to the land mass or in the subtropical
eastern Atlantic Ocean and, when in the vic in ity  o f the coast, are gen- . r
eraliy connected by cloud bands to the tropical cloud masses over
northern Namibia (F ig . 2 -1 2 ). Frequently the tropical masses and ra in fjll —
extend into the north-eastern portions of the countrv and possibly ac-
count fo r  the positive loadings th ere . D uring such sequences the eastern 
coastal and inland regions tend to remain d ry  under the Influence of a 
strong cell o f high pressure. Studies of the subsequent behaviour of 
the cyclones Indicate that they usually follow courses towards the 
south-east and head into the southern Indian Ocean with minimal influence 
on ra infa ll over o ther areas of the country. Hence these systems are 
not to be confused with the coastal depressions described by Component 
D . T h e re  do not appear t "  be any studies of these o r of similar systems 
either over South A frica or elsewhere in the world,
East coas-: troughs
Rain over N atal, described by the negative loadings on Component E, falls 
with th e passage of a deep overland surface low pressure system located 
towards th e  northern end of a cold fro n t. The clouds associated with  
such a trough extend into the in te rio r but are separated from the tropical 
masses to th e  north (F ig . 2 -1 3 ). Several case studies ' east coast 
troughs which produced heavy ra in fa ll, including that o f ,n Heerden 
(1971), have been made.
Whereas mutual exclusiveness on Component D is maintained by a 
latitudinal d ifferentia tion between tropical and temperate disturbances 
exclusiveness on Component E results >om an equivalent prim arily lon­
gitudinal d iffe ren tia tion . West coast cyclones appear to develop only at 
times of active tropical convection, an observation suggestive of a d y­
namic lin k  with the easterlies In th e ir  formation. Tropical upper-level 
divergence is thus present over th e  western portions o f the country at 
such times, with westerly upper-level convergence associated with the  
d ry  w eather over the eastern regions. A ltern a tive ly , u pper-level con­
vergence usually dominates the west coast and divergence associated with 
a cyclone wave the east coast with the passage of a tro u gh . Longitudinal 
displacements of th e upper-level subtropical high reflect th e  sh ift in the 
zone of convergence.
Figure 2-13. As F igure  2-4 bu t fo r the east coast trough of 17 
March 1979.
Tropical depressions and cyclones
Component F appears only in the months of December to February and 
is most prominent in the la tter month (F ig . 2 -2 ) .  Except fo r a belt along 
the east coast loadings on this component are weak (F ig , 2-9c) and no 
physical Interpretation of the fields over the western areas has been 
found. Only to the east of roughly the 30°E meridian are relatively high 
positive loadings found. Inspection of the satellite imagery suggests that 
rain in th is region results from the southbound passage of tropical de­
pressions and cyclones (c f. the rainfall distributions fo r several tropical
r///%
Figure 2-14. As F igure  2-4 but fo r  t/ji* tropical cyclone of 30 
January 1976 (NOAA-V Image).
cyclones presented by Dunn, 1985) (F ig . 2 -1 4 ). Suppressed conditions 
normally dominate the adjacent in terior when a tropical cyclona Is located 
over the eastern coastal belt. Tropical cyclones regularly form In the 
western Indian Ocean during  the la te r austral summer months (Pellatt, 
1972; G ray, 1978) b u t rarely supply rainfall to South A frica itse lf. Those 
systems that do affect the continent seldom mount the In terior plateau 
(Sellick, 1958) but re -c u rve back Into the Indian Ocean after brushing  
the eastern litto rla l, A lthough not Included In the period studied here 
the summer of 1983/84 vas exceptional In this respect as two cyclones 
supplied heavy rainfall over southern Mozambique and northern Natal 
within a short period of January and February 1984 (Poolman and
Terblanche, 1984; Kovacs e t a ! .,  3985). A lis t of the major cyclones since 
1958 that have d irectly affected South A frica has been provided by 
Poolman and Terblanche (1984) while case studies o f some of these storms 
have been made by Gouws (1966a) and Quinn (1977). In late February 
and early March 1978 a remarkable tropical vo rtex, which in itia lly re­
sembled an overland tropical cyclone in the satellite imagery, travelled  
south over southern A frica between the 20th and 26th parallels (Kumar, 
1977). During the la te r part of the period the vortex became embedded 
within a tropical-tem perate trough across South Africa.
C u t-o ff  lows
Although not d irccth  mcorporatea nto the classification cu t-o ff lows are 
also important ra in -bearing  systems o /e r  South A frica . C u t-o ff lows may 
be responsible on occasion fo r heavy rainfall over limited parts of the 
cou n try , particu larly during the transitional seasons (T a lja ard , 1982a). 
Case studies of systems producing exceptional rainfall have been given 
by le Roux .and Taljaard (1952), T rieg aard t and Kraus (1957), Stranz 
and Taljaard (1965), Estie (1981) and Taljaard (1085).
DISCUSSION
A generalised classification of the major synoptic systems responsible fo r  
ra infa ll over South A frica has been developed id Is summarised in Figure
2-1 5 , Tropical-tem perate troughs with asso iaMd cloud bands connecting 
the tro p ic il cloud masses to temperate cyclones are the most important 
contributors to  rainfall ovar the In terior of the country, as also over 
Zimbabwe (Sm ith, 1985). Subtropical cyclones alco contribute to the 
ra infa ll over the In terior of the subcontinent. Rainfall along the coasts 
and the adjacent in terior regions Is supplied b y coastal depressions, 
cyclones on the west coast and east coast troughs. Tropical depressions
DISTURBANCES LINKED 
W ITH TROPICAL CIRCULATION
«)TROPICAVTEMPERATerr,OUSH MarkK'Jby cloud Band along leading odgo of wosierly v:ove linking U apical .aw over central Africa with cooalal diatuthamio DISTURBANCES WITHIN WESTERLY CIRCULATION
M SUBTROPICAL CYCLONE Upoer-air co»i>cored low embedded in easterly (low dove'cped independsntty ol tropical low ovei central Alnce Westerly waves remote from conlfnont Cycftm often neirofloctod at surface, but occastonellyclosed surface circulation devoiope.
elCOASTAL DEPRESSION Cyclonic decresaion situated below uppar-atf weglefly wava.
ttlWE.'lr COAST CYCLONE Cyticwe devoitiped on of wHhln a lew do" ria west 31 the west coaat,apparoi^ i> ,ly at lines of active tropical conveotion. Norajlly tracks aoulti-past irHo Indian
n)EA6T COAST THOUGH. Trough on oool coaal associated with frontal passage Devetopi Ihrovgheu] year-
Figure 2-15, Generalised classlffcotfon o f ra in -b e aring  synaptic 
systems over South A fr ica . Stippled areas suggest typical cloud 
distribu tio n s. Lower troposphere circulation features are sug­
gested b y th in , fu ll lines, upper troposphere features by th ick , 
fu ll lines and features f  throughout most o f the
troposphere b y dashed ' '  leal cyclones are not Ulus-
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and cyclones affect the easternmost regions of the country, and on rare 
occasions the in terior, during the high rainfall season months. C u t-o ff 
lows have not been uniquely Identified in the analysis. Known cases have 
appeared In the satellite imagery as being either embedded In 
tropical-tem perate troughs, as producing cloud distributions similar to 
those of the subtropical cyclones or as disturbances with rainfall dis­
tributions incompatible with any of the loadings fields. Mean circulation  
fields fo r each type of system as deduced by Harangozo (1986) are con­
sistent with those given in Figures 2 -4 , 2 -5 , 2-10, 2-11, 2-12 and 2*13. 
I t  Is important to note th at most rainfall over the in terior of the country  
results from systems th at develop contemporaneously with convective 
outbreaks oyer central A frica . Consequently periods of limited tropical 
convective ac tiv ity  over the continental latitudinal 10 to 20°S belt may 
be expected to be predominantly d ry  ovt'r South A frica . Any fu tu re  
comprehensive theory of the causes o f the rainfall variab ility  ever the 
country must therefore incorporate aspects of the variab ility  over central 
A frica also.
Consistent results have been obtained between months fo r the higher 
components whose loadings fields remain notably uniform in terms of both 
the locations and the magnitudes of the major regions of high positive 
and negative loadings. Such an outcome may only be expected provided  
a quasi-constant spatial d istribution of rainfall from each similar system 
is maintained between months, Studies of the satellite Imagery Indicate 
that th is condition w-^ met. Several reasons fo r this may be suggested  
in which the local phy* ^ ip h y and the location of the country in relation 
to the major circulation raatures of the hemisphere play major roles. The  
almost complete absence temperate cyclones with th e ir variable tracks 
over the country during f  '  rainfall season months must be an important 
contributing factor. i-er Instance, the tropical-tem perate troughs  
produce quasi-uniform rainfall d !;*ributions regardless of the location of 
the terminating temperate cyclone while "alnfall d istributions from coastal 
disturbances are constrained by the topography of the subcontinent. 
One possible reason th a t identification of the rainfall d istributions asso­
ciated with the cu t-o ff Iowa was not possible from the analyses is that 
these tend to be Inconsistent from storm to storm by contrast with the 
distributions from the other types of system. The results presented here 
are , th erefore , the consequence of a unique set of physiographic and
:P - ' '
climatological controls on ra infa ll distributions over South A frica and 
there is no reason to expect similar outcomes of comparable analyses for 
regions elsewhere in tha world.
The new classification may be compared with the earlier schemes of 
Longley (1976) and Erasmus (1980). Unfortunately Vowlnckel's (1955a) 
scheme, developed prio r to tha satellite era , cannot readily be u n trd ite d  
with the results given here, Th e satellite images fo r  th e  summer pattern 
days categorised by Longlny (1376) have been inspected *or the presence 
of the systems classified here. Th e coastal disturbances of the present 
classification appear on one or more of Longley's pattern days fo r the 
coastal regions. Rainfall on the pattern days fo r the in terior o f the 
cou" ry  resulted in all cases from purely tropical d isturbances, I .e .  on 
no p a tte rn  d ay fo r  the In te rio r were ti'oplcahtemperato troughs present 
across the subcontinent. This observation may be taken as an indication 
of the d ifficulties in vo lve / ientify lng  upper-tropospheric circulation 
conditions suitable fo r r rom surface c'ata alone. Circula+k'ns as­
sociated with tro p ica l-,.;. . j ,  a te troughs, w hether terminating at a coastal 
disturbance o r at a temperate cyclone, are the major suppliers o f rainfall 
over the eastern Orange Free State according to Erasmus (1980). Coastal 
depressions and east coast troughs aru also important contributors to 
rainfall over the region. Subtropical and west coast cyclones as well as 
tropica’ ■'.jlonss were not included in Erasmus’ (1980) classification.
Study c .he monthly loadings fields has facilitated the Identification of 
the most important ra in -bearing  synopt>; systems over South A frica , has 
provided an indication of the spatial 'nverhge of rainfall from each system 
snd, through the leadings, has g iv e  an estimate of the rainfall variance 
of each d is tric t accounted fo r by thv systems. None of the disturbances 
has, to date, been subjected to ai » systematic synoptic analyses and, 
at p resent, the basic large-scale a t ,v s .--herlc circulation patterns required  
fo r th e ir  development have not b •. defined. Although the study of 
these circulation patterns forms t i • < th ru s t of the work reported In
this thesis an alternate approach ; • problem Is provided b y the 
present analysis.
Through the principal component j n - ’yses approximate Ind iv idual 57-year 
time series fo r the Identified synoptic systems have been derived which.
at least for the tropical-tem perate troughs, are realistic representations 
of the tru e  series of rainfall from the systems (Harrison, 1984d), While 
the time series will not be discussed in detail they provide a potentially 
important link In the search fo r the atmospheric circulation controls on 
South African rainfall and may per ,iit the Id entifiw  .ion of the separate 
controls on each system. One frequent application of principal component 
analysis of rainfall time series has been to assist in the identification of 
atmospheric circulation controls on rainfall over a particular region, el- 
m e r by inspecting periods of unurually high or low scores on a given 
component fo r consistent circulation anomaly patterns (Salinger, 1980; 
D yer, 1982) or by correlating the component scores with other 
geophysical time secies (Kidson, 1975; Pittock, 1975, 1980; D yer, 1979a; 
Walsh et  a / . ,  1982). Care is necessary, nowever, in the interpretation  
of the results. Correlation of c'-.nponent with other geophysical time 
series requires, as a consequence of the principle of mutual 
exclusiveness, the Implicit assumption that all synoptic systems repres­
ented on an eigenvector are similarly, but inversely , controlled by the  
same geophysical phenomenon. This important assumption remains to be 
tested and fo r the monthly series developed here may only be automat­
ically valid fo r components describing rainfall from tropical-tem perate 
troughs, The imposition of the same climatic control on the frequency 
of development o f, say, subtropical cyclones and coastal depressions (on 
Component D) Is not so immediately acceptable but is equally not im­
plausible. Nevertheless th e  principal component scores may form an Im­
portant link in fu tu re  studies of the interactions between the general 
circulation and South A frican rainfall on the global scale and are used 
fo r this purpose In Chapters 9 and 10.
CONCLUSIONS
Through a combination of principal component analysis of standardised 
monthly rainfall fields and inspection of satellite imagery a generalised 
classification of ra in -bearing  disturbances over South A frica has been 
developed, Tropical-tem perate troughs with associated cloud bands 
connecting the tropical circulations with m id-latitude cyclones are the
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major contributors to rainfa I over the in terior of the country. Lesser 
■ >ntrlbutors to In terior rain.'all include tropical and subtropical cyclones. 
Coastal ra in f'l l results from cyclonic or fronta l d isturbances. This 
classification forms the basis of the structure of the stratifications of the 
rainfall and atmospheric circulation data used in the remainder of this 
thesis. As such the classification facilitates interpretation of the rainfall 
variations over the central in terior of South A frica in terms of the ac­
companying atmosi.he-lc circulation vacillations in a manner not previously 
attained.
IPART II
A NNUAL CYCLES OF RAINFALL AND TH E CIR C ULA TION  OVER TH E  
CENTRAL IN TER IOR  OF SOUTH AFRICA
THE ANNUAL RAINFALL CYCLE
INTRODUCTION
Several d iffe ren t types of synoptic sy--tems occur over the central in terior  
of South A frica and cianges in the frequency and amount o f rainfall from 
each of these systems determines th e  courses of th e  annual cycles of both 
the circulation and the ra in fa ll. Temporal d istributions of the various 
circulation types may be readily ascertained through examination o f the 
associated rainfall totals and rain day frequencies. Harmonic analysis 
has often been used to determine the phases and amplitudes of the annual 
and shorter-period cycles present in average monthly data. One of the 
earliest applications of a technique which resembles harmonic analysis to 
monthly rainfall data was th at o f Schumann and Hofmeyr (1938) in South 
A frica . Single sine waves were fitted  to data from individual stations 
to  delineate regions with coherent annual cycles. Since the f irs t  fu ll 
application of harmonic analysis to rainfall over the United States of 
America (Horn and Bryson, 1960) the technique has been applied In many 
areas including other parts of North America (Sabbagh and Bryson, 1962; 
W alker, 1964; Shulman and Leblang, 1974; Scott and Shuiman, 1979), 
central America (H astenrath , 1968), tropica) South America (Caviedes, 
1981), central A frica and some South A tlantic islands (van Loon, 1972a), 
South A frica (McGee and Hastenrath, 1966), India (Lettau and White, 
1964), the south-west Pacific islands (F itzp a tr ick  et a / . ,  1966), Australia 
(F itzp a tr ick , 1964) and New Zealand (R ayner, 1971). H  addition annual 
and semi-annual cycles have been surveyed through harmonic analyses 
on the global scale (Hsu and Wallace, 1976a). tn all cases only the In ­
tegra l cycle, ra ther than the cycles of rainfall from the various types 
o f systems, was studied,
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Catalogues of circulation types may be used to study the seasonal f re ­
quency distributions of each type together with the distributions of 
rainfall (B a rry  and P orry , 1973; B arry  et a ! . ,  1981) but there do not 
appear to be any applications of harmonic analysis to data stored in the 
catalogues. Yet the technique is potentially a powerful one that permits 
identification of the major contributors to the integral cycles, of any 
cycles present fo r  individual systems but hidden in the integral data and 
of phase changes between th e  overall and the systems' cycles. Harmonic 
analysis is applied in this Chapter to monthly totals over the Orange Free 
State o f rainfall and of ra infa ll from each circulation type to identify the 
systems principally accounting fo r the amplitudes and phases of the main 
cycles In the integral data.
THE CATALOGUE OF CIR C ULA TION  TYPES
Satellite images have been utilised to develop a catalogue of circulation 
types fo r  the 11-year period 1967 to 1977 through subjective classification 
of d aily synoptic situations into the categories illustrated in Figure 2-15. 
Note th a t truncated troughs are not illustrated in Figure 2-15. Cloud 
bands lin k  tropical lows w ith  west coast cyclones (F ig . 2-12) and it is 
rainfall from th e  bands ra th e r than from the cyclones th a t affects the 
Orange Free S tate. Th e term  west c<w.st troughs will be used in reference 
to these systems. Rainfall season classes were used throughout the year. 
Surface synoptic charts supplied by the South African Weather Bureau 
were used to assist the classification procedure. All rainfall systems 
which could not be included in one of the major categories were grouped  
under th e  heading 'u nclassified'. C u t-o ff lows account fo r many of the 
unclassified events In the winter months, but during the rainfall season 
the m ajority were weak systems producing localised convective showers. 
Tropical-tem perate troughs, truncated troughs, west coast troughs and 
subtropical cyclones, fo r which the cloud lin k  to the troplcai circulations 
Is continuous, will be re fe rred  to collectively as tropical systems. East 
coast troughs, coastal depressions and unclassified systems, the majority 
of which were not linked to  the tropical cloud masses, w ill similarly be 
re fe rre d  to as temperate systems.
THE C ON TRIBU TIO NS OF IN D IV ID U A L  SYSTEMS TO THE ANNUAL 
RAINFALL CYCLE
Tropical systems supplied about 60 per cent of the total rainfall over both 
areas of the Orange Free State during the period 1967 to 1977 of which 
the major contribution came from the tropical-tem perate troughs (F ig . 
3 - la ) . West coast troughs provided more rainfall to the western than  
to the eastern Orange Free State. O f the other systems none delivered  
more than 17 per cent of the total ra in fa ll. Unclassified systems, by 
contrast, accounted fo r more rain days over the eastern Orange Free 
State than any other system including the tropical-tem perate troughs 
(F ig . 3 -1 b ). Rainfall over both areas fell from tropical systems on only 
40 per cent of the rain days and consequently mean daily rainfall was 
higher for the tropical than fo r th e  temperate systems (F ig . 3 -1 c ). 
Sim ilarly, both the mean areal coverage of the rainfall (F ig . 3 -1 d ) and 
th e  mean highest point ra infa ll (F ig . 3 -1e) were higher fo r the tropical 
than fo r the temperate systems. The absolute highest point rainfalls were 
recorded from tropical-tem psrate troughs but ^  ' is clear d iffe ren ­
tiation between statistics fo r tropical and te1 'stems In this case
(F ig . 3 -1 f) .  ,
A significant reduction in the amount of data th at need be handled In the 
study of the rainfall variations problem may be effected, without major 
loss of information, by considering significant rainfall only (Harrison, 
1983b). Days of significant rain are defined, following Riehl e t ai. 
(1973), as days on which the rainfall exceeded the mean dally rainfall 
across all days in th e  study period, including the no rain days. The 
minimum ra infa ll fo r inclusion as a significant rain day, fo r the period 
1946 to 1977, is thus 2 .8  mm in the eastern and 2.1 mm In the western 
Orange Free State. Significant rain days account fo r 84 per cent o f the 
summer rainfall b u t fo r only 39 per cent of the rain days In the eastern 
Orange Free State, Equivalent figures fo r the western Orange Free State 
are 87 and 39 p er cent respectively. Exclusion of non-significant days 
from the 1967 to 1977 data results in e substantial reduction in the number 
of rain days (F ig . 3 -2 b ) but in only a small decrease in the included total 
rainfall (F ig . 3 -2 a ). The largest decreases In both parameters occur fo r  
the unclassified group. Tropical systems accounted fo r a higher pro-
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F igure 3 -1 . In teg ra l ra in fa ll system statistics fo r  the period 1967 
to 1977, In  a )  and b ) ordinates are totals fo r  the 11 years . 
Classes are marked b y : 1 -  Truncated troughs; 2
Tropical-tem perate troughs; 3 - West coast troughs;  4 -  Sub­
tropical cyclones; 5 - East coast troughs; 6 - Coastal de­
gressions; 7 - Unclassified systems. Figures above blocks In 
a ) and b )  Indicate percentage contributions of each system to 
eastern and western Orange Free State totals respectively.
portion of the significant rain days (about 62 per cent) than temperate 
systems. Th e distinction between statistics of mean daily ra in fa ll, mean 
areal coverage and mean highest point rainfalls fo r tropical and temperate 
systems is largely eliminated by considering the significant rain days only 
(F ig s. 3-2d  and 3 -2 e ) . In th e remainder of th is Chapter significant 
rainf&ll only will be considered, except where otherwise stated. The 
major effect is to reveal trends in the data ,,iore d e a r ly  then would oth-
i). Mean Daily Rainfall 
town, ass >ia
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Fig u re 3 ‘ 2 , As F igure 3-1 b u t for s/gnff/cont ro/n days. Note 
the change of ordinate scale fo r c )  from that o f Figure 3-1c,
erwise be the case through the reduction of the 'noise' generated by the 
large number of lig h t rain days.
D istributions of ranked daily significant rainfall from each system may 
be described through the expression
( exp  (ftx ) -
where x  U  th e  cumulative percentage of the number of rain days, y  Is 
the cumulative percentage of the ra in fa ll, a and 8 are constants and e 
is an e rro r term (Harrison, 1983b). Increasing values of 8 indicate in ­
creasing skewness of the distribution . The expression describes the 
distribution o f daily rainfall amounts independently of the number of rain  
days. D istributions of daily rainfall amounts fo r all tropical systems other
than the truncated troughs over the eastern Orange Free State are more 
h ighly skewed than the Integral distribution (Table 3 -1 ) ,  indicating that 
the tropical systems tend to account fo r the heavier ra in fa ll. The range 
of values of @ for the western Orange Free State varies from th at fo r the 
east because of the lower bound on the limit o f significant rain days (2.1  
as against 2 .8  mm). Highest skewness ovar the west is associated with 
th& east coast troughs and the unclassified systems. The e?st coast 
troughs, rather than the tropical systems, therefore provide the heavier 
rainfall In the west.
Rainfall over the Orange Free State is limited mainly to tise summer months 
(F ig . 3 -3 ) .  Mean monthly ra infa ll Is highest in January over the east 
and In February over the west- The seasonal cycles of the number of 
rain days are similar to those of the ra in fa ll. Rainfall from 
tropical-tem perate troughs, which dominates the rainfall cycle over the  
Orange Free State during the period 1967 to 1977, accounts fo r 60 per 
cent o f the ra infa ll in January (F ig . 3 -4 ) .  Like those fo r most of the 
other systems, the monthly distributions of both rainfall and rain days 
for these troughs are bimodal with the major peak In January, in the 
case o f truncated troughs the major peak occurs in November. Sub­
tropical cyclones, which develop over the Orange Free State most f re ­
quently in Feb ru ary, alone are unimodally distributed  throughout the
Table 3 -1 . Values of B ( x /0 - 2) fo r significant ra in fa ll and fo r  
significant ra in fa ll from  each system. Values are given fo r both 
the eastern jn d  the western Orange Free S tate. In  excess of 
99,5 per cent of the variance was explained  by the mode? In all 
cases. The systems are arranged In  ord er o f decreasing values 
of B over the east.
System East West
Tropical-tem perate troughs 1.32 1.27
West coast troughs 
Subtropical cyclones 
Integral
1.22 1.25 
1.21 1.29 
1.18 1.33 
1.14 1.32Truncated troughs 
Coastal depressions 
Unclassified
1.14 0.99
1.13 1,43
East coast troughs 1,06 1.45
w3r
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TOTAL RAINFALL NUMBER OF DAYS
\
F igure 3 -3 . Annual cycL s  v /  ra in fa ll and of frequency of rain  
days both fo r all ra in fa ll, a )  and fa), and fo r significant ra in fa ll, 
c ) and d ) .  Full lines - eastern Orange Free State; broken lines 
-  western Orange Free S tate . Ordinates represent totals fo r the 
period 1967 to 1977. Note the change of ordinate scale between 
fa) and d~).
year. Rainfall from subtropical cyclones is greatest, however, over the 
eastern Orange Free State in December with only a secondary maximum 
in February.
East coast troughs supply rainfall throughout the year apart from the 
m id-w inter months (F ig . 3 -4 ) .  D istributions for these troughs are 
trlmodal. Coastal depressions are most important during the early summer 
months through until December and then again in March. Rainfall from  
unclassified systems Is mainly limited to the early and late w inter months 
b u t peaks In the contributions of the unclassified systems to both rainfall 
and rain days occur in December. Between them east coast troughs and
CONTRIBUTION NUMBER OF DAYS
Truncated Troughs
Figure  3-<f. Annual cycles o f significant ra in fa ll, o f percentage  
contribution to In teg ra l significant ra in fa ll and of frequency of 
significant rain days fo r each type of system. Fu ll lines - 
eastern Orange Free S tate ; broken lines -  western Orange Free  
State. Months along the abscissae. Ordinates represent totals  
fo r the period 1967 to 1977. Note that the ordinate scales for 
the tropical-tem perate troughs and fo r the percentage contrib ­
utions o f th<t east coast troughs and the unclassified systems 
d iffe r  from those o f the remaining systems.
unclassified systems account fo r the g reater proportion of the w inter 
season rainfall whereas tropical systems dominate the rain patterns In the  
summer months.
Results of the harmonic analyses of total rainfall and of significant rainfall 
are similar in terms of explained variances and phase angles indicating  
th a t the elimination of the non-significant rainfall has litt le  effect on the
am#RAINFALL
Subtropical Cyclones
NUMBER OF DAYS
East Coast Troughs
Figure  3-4 continued.
seasonal cycles. More than 90 per cent of the variance Is captured by 
the f irs t  harmonic (annual cycle) of the rainfall fo r ooth areas (Table
3 -2 ) ,  in agreement with the results of McGee and Hastenrath (1966). 
Only over the western Orange Free State does the second harmonic 
(six-m onth cyclv) contribute an appreciable proportion of the variance. 
Similarly the annual cycle is dominant In th e  seasonal ra infa ll d istributions  
for all tropical systems apart from the west coast troughs. The second 
harmonics account fo r more than 10 per cent of the variance for rainfall 
from the west coast troughs and +he temperate systems ap art from the
L
unclassified systems, A semi-annual cycle (45 per cent o f the variance) 
with maxima in late Ap. October is also present in monthly frequencies 
of cu t-o ff lows which produce heavy ra infa ll over South A frica (TaSjaard, 
1982a).
Phase angles of the annual cycles of rainfall from many of the systems 
correspond closely with th a t of the total rainfall (F ig s. 3-5a and 3-5c) 
with early and late January maxima over the eastern and western Orange 
Free State respectively. Approximately half of the amplitude of the an­
nual wave is accounted fo r by rainfall from the tropical-temperate, troughs  
in both areas. Phase angles fo r rainfall from few of the systems d iffe r
Table 3 *2 . Variances explained b y the s ix  harmonics o f significant 
In tegra l ra trfa ll and of the significant ra in fa ll fo r each system. 
Explained variances In excess of 10 p er cent are emphasised. 
U pper rows re fe r  to the eastern Orange Free State; lower rows 
to the western Orange f re e  State.
Harmonic 1 2 3 4 5 8
Synoptic system
Integ ral 97.fi
90,4
0.5
6,4
0 .0
1.4
0.2
1.4
0 .8
0.3
0.9
0 ,0
Tropical-tem perate troughs 82,0
79.6
3 .8
10.2
0 .8
3 .2
4.4
3.5
6 .0
2 .5
2.9
1.1
Truncated troughs 80.6
90.7
1 .0
1.4
5 .0 4 .5
1.4
4 .6
2.1
4 .3
2 .5
West coast troughs 17.8
41 .0
13,4
13.2
17.5
9,4
12.1
7,3
33.6
24 .4
5 .6
4.7
Subtropical cyclones 87.8
90.0
3 .2
6.3
2.1
1.4
3,1
0 .2
2 .5
0.4
1.3
1.7
Coastal depressions 58 .6  15.2 
19.3 25 .7
9.0  4.9  
15.6 22.1
11.1
17.2
1.3
0 .0
East coast troughs 49 .8  34 .0
26 .9  32 .2
1.3 1.4 
6 .6  10.0
12.5
14.4
1.0
9 ,9
Unclassified 3 .4
20.8
0 .9
4.5
60.5
05 .0
24.4
0.8
10.2
7 .8
0.5
1.0
by more than 15° (15 days) from those of th e  integral distributions. 
Th e amplitude of the six-month wave Is about thrve times as large over 
the western, with mid-March/Septernber peaks, than over the eastern 
Orange Free S tate, with mid-June/December peaks (F igs. 3-5b  and 3 -5 d ).  
O ver the eastern Orange Free otate the amplitude of the wave is exceeded 
by that of rainfall from the tropical-tem perate troughs. Phase angles fo r  
ra infa ll from all systems d iffe r by more than 30° (15 days) from those 
of the respective in tegra l d istributions.
cun* m a m  mri
F lg u rt 3 -$ . Amplitudes (ord inates) and phase angles (abscissae) 
of the f irs t ,  a )  and c ) ,  and  second, b )  and d ) ,  harmonics of the 
significant ra in fa ll distributions o f F igures 3 '2  and 3 -3 . Ampli­
tudes have been adjusted to an annua! bests. Phase angles are 
marked with the d a te (s ) o f the maxima.
a - - :
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DISCUSSION
The annual rainfall cycle over th e  Orange Free State (F ig . 3 -3 ) results 
from contributions of vary ing amplitudes, phases and periods from a 
number of types of systems (F ig s. 3 -4  and 3 -5 ) .  Tropical systems s id 
associated rainfall dominate the annual cycles accounting for more than 
50 p er cent of both the significant rainfall and the significant rain days 
fo r the months October to A pril (F ig . 3 -6 ) .  Temperate systems account 
fo r more than 50 per cent of the ra infa ll and of the rain days only in 
the re latively d ry  w inter months of May to September, and fo r all rainfall 
from June to August. F u rth e r, rainfall from tropical-tem perate troughs  
outweighs ra infa ll from any other typ e of system, in confirmation of the  
earlier results of Erasmus (1980 ). Th e circulation of the  
tropical-tem perate troughs is thus a major component o f the in tegral 
circulation while rainfall from the troughs largely determines the ampli­
tude and the phase of the annual cycle over the Orange Free State.
A hiatus In the monotonic rise of monthly mean rainfall in December, as 
occurs fo r rainfall from the tropical systems other than the subtropical 
cyclones (F ig , 3 -4 ) ,  hi a common fea tu re  of statistics fo r many stations 
in the Transvaal and the Orange Free State (Schulze, 1965; Louw, 
1979a). For the period 196/ to 1977 this hiatus is perhaps only weakly 
apparent in the eastern Orange Free State data and appears in November 
in the western Orange Frea State data (th is la tte r minimum does not ap­
pear in data fo r the 3 1 -ye ar period 1946 to 1977). The h h tu s arises from  
a sharp decrease In rainfall from the tropical-tem perate troughs. Rainfall 
from the temperate systems and from the subtropical cyclones increase 
in December in comparison to the adjoining months but insufficiently to 
offset the decrease from the troughs. The December hiatus Is apparent 
in the frequency of thunderstorm  days (le  Roux, 1953) and in the d is­
tributions of monthly mean precipitable water and of daily probabilities 
of rain in the Orange Free State (Louw, 1979b). A similar break in the  
rains occurs In Zimbabwe in late January (Llneham, 1972). Schulze 
(1965) has suggested that the November rainfall peak might be associated 
with a 'temperate' or 'cyclonic' ralnfai; regime and the January peak with 
a 'tropical' regime. No support fo r this suggestion is obtained from the
F igure 3 -6 . Percentage monthly contributions to In teg ra l signif­
icant ra in fa ll and number o f significant rain days b y the tropical 
systems. Full lines -  eastern Orange Free State; broken lin e .
-  western Orange Free S tate .
present results as tropical systems account fo r  about 80 per cent o f the 
ra infa ll and the rain days in both November and January (F ig . 3 *6 ) .
Study of th e satellite images indicates that there was a general decrease 
in December m th e frequency of all tropical-tem perate troughs in the 
African region, a decrease which was often, b u t not always, apparent 
in data fo r individual years. T he effect evolves, th erefore , on a scale 
comparable with th a t of the general circulation and is not merely a local 
phenomenon. East coast and tropical-tem perate troughs develop under 
broadly . Im ilar conditions o f the westerly circulation in that both systems 
are associated in th e ir temperate sections with w esterly cyclone waves. 
The only immediately apparent difference between the two Is that the east 
coast troughs troughs have no cloud lin k  to the trop ics, Equivalently 
coastal depressions may be similar to truncated troughs apart from the 
lack of the tropical connection. Both of these temperate systems provide 
more ra infa ll in December than in the surrounding months. The inference 
is th at fo r presently unknown reasons the circulation in December inhibits 
the formation of links between the tropical circulations and the temperate 
systems. The decrease in frequency of all tropical-tem perate troughs in 
the African sector In December indicates that the major circulation  
changes occur in the tropical ra th er than in the temperate regions. By 
comparison the January circulation Is more conducive to tropical-tem perate
interaction than th at fo r any o ther month while the circulation fo r No­
vember is p articu larly suitable fo r  the formation o f truncated troughs 
(F ig . 3 -4 ) .
The peak of the annual cycle changes from ea rly  January over the eastern 
Orange Free State to early February over the west, a change matched 
by corresponding adjustments In the annual cycles of rainfall from the 
tropical systems (F ig . 3 -5 ) .  Thus the ra infa ll maximum occurs later in 
the season over the more western parts , as demonstrated by the harmonic 
analysis of McGee and Hastenrath (1966) and the observations of Schulze 
(1965) and Louw (1979b). Spectral analysis of ra infa ll across th e  country 
has suggested, on the other hand, th a t the annual wave progresses 
eastward  during  the rainfall season (Keen and Tyson, 1973). No physical 
interpretation of this discrepancy can be g iven . Th e westward propa­
gation of the annual wave in time results from an imbalance in the seasonal 
d istribution of rainfall across the Province, rainfall being deficient over 
the west in comparison to over the east until February (F ig . 3 -3 ) .  Parity  
in the frequency of rain days is reached only in A pril b u t In the f r e ­
quency of significant rain days In Feb ru ary. In th e  la ter ra infa ll season 
months western ra infa ll and rain day frequency exceed those of the east. 
No single system ur group of systems is responsible fo r the low early  
season rainfall over the western parts - only the west coast troughs 
d eliver  equal ra infa ll to both areas (F ig . 3 -4 ) .  Percentage contributions 
to monthly rainfall fo r both areas from most systems are similar 
throughout the year. From February tropical-tem perate troughs and 
subtropical cyclones supply roughly equal amounts of rainfall to both 
areas. T runcated , west coast and east coast troughs and coastal de­
pressions, on the o ther hand, all d eliver more rain to the west than to 
the east during the la te r p a rt of the season. Rainfall from all systems, 
th ere fo re , contribute towards the equalisation over the two areas, but 
th a t from only certain o f the systems, the east coast troughs in p artic ­
u la r, accounts fo r the excess ra infa ll over the west (F ig . 3 -4 ) ,  The east 
coast troughs also tend to contribute the heavier rainfall over the west 
(T ab le  3 -1 ) .  Hence the (ate season western ra infa ll peak results from  
an increased temperate In addition to  tropical circulation Influence.
Th e six-month rainfall wave also progresses westward during  the season 
(F ig s. 3 -5b  and 3 -5 d ) . The summer maximum of the six-month wave
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occurs in mid-December over the east and in early March over the west. 
Thus the wave is almost 180° out of phase over the two regions of the 
Orange Free State. Both harmonic (McGee and Hasten rath , 1966) and 
spectral (Keen and Tyson, 1973) analyses have indicated that the 
six-month wave Is of greatest amplitude over the western sections of the 
country where It  reaches maxima during the equinoctial months (F ig . 
2 -1 ). Present results confirm these facts but also indicate that ra infa ll 
from no Individual system has a six-month wave corresponding In phase 
to th at of the In tegra l wave. O ver both areas only rainfall from the  
tropical-tem perate troughs and the subtropical cyclones have midsummer 
maxima on the six-month wave. Maxima for the remaining systems occur 
in early A pril/O ctober in the west and a month la ter in the east. Second 
harmonics may arise from purely mathematical origins and do not neces­
sarily reflect identifiable physical mechanisms. It  is often d ifficu lt to 
determine the appropriate source of the second harmonic when its ampli­
tude is small in comparison with th at of the f irs t  harmonic. The second 
harmonic may, fo r instance, describe the deviations of an annual cycle 
away from a pure sine wave. A lterna tively, fo r stations with a pro­
nounced d ry  season, both the amplitude and the phase of the second 
harmonic may be constrained mathematically to counterbalance the 'nega­
tive ' rainfall amounts appearing on the f irs t  harmonic during the d ry  
season, an effect re ferred  to as 'phase locking' by Hsu and Wallace 
(1976a). I t  is, perhaps, reasonable to propose that a second (o r lower) 
harmonic has a physical origin only when a plausible mechanism has been 
identified or when the cycle Is evident on inspection of the raw data. 
No a p rio ri reason may be forwarded to expect a six-month cycle In the 
ra infa ll and Inspection of Figures 3 -2  and 3-3 suggests th at only fo r the 
west coast and east coast troughs and coastal depressions do rainfall and 
frequency maxima with spacings of approximately six months exist. There  
appears, th ere fo re , to be no physical basis fo r the apparent equinoctial 
ra infa ll maximum over the western Orange Free State, a feature which 
may be present in the integral statistics as a result of the asymmetric 
temporal ra infa ll d istributions. Second harmonics fo r ra infa ll from the 
individual systems may arise In a similar manner although those fo r the 
tropical-tem perate troughs and the subtropical cyclones may result from 
phase locking while those for th e west coast and east coast troughs and 
coastal depressions may reflect real phenomena.
CONCLUSIONS
Harmonic analyses of rainfall from the major types of ra in -b earing  systems 
over the Orange Free State reveal that the annual cycles of ra infa ll and 
of the circulations associated with rainfall are dominated by those of 
tropical systems, I.e .  systems fo r which there Is a continuous cloud link  
to th e  tropical circulation. Rainfall from tropical systems accounts fo r  
more than 60 per cent o f the total over both areas and fo r more than 80 
per cent in January. Tropical-tem perate troughs constitute the major 
class of tropical system in terms of frequency and of contribution to  
Orange Free State ra in fa ll. Rainfall from tropical systems is largely re­
sponsible fo r the phase and amplitude of the rainfall wave over the in ­
te rio r of th e  country and fo r  the December rainfall hiatus. Whereas 
ra infa ll from and frequencies of the tropical systems are dominated by 
the annual cycle those o f the temperate systems are also modulated on 
higher frequencies and in p articu lar on a semi-annual cycle. Phases of 
the semi-annual cycles are not coherent with those fo r  the integral cycle 
and thus th e n , is no physical basis fo r the apparent equinoctial maximum 
of the s ix-m oith  wave obser-.-.d over the western Orange Free State.
Only 250 km separates the centres o f the two regions of the Orange Free 
State yet marked differences in the details o f the system contributions 
towards annual ra.-nfall cycles over the regions occur. These differences 
have been illustrated in terms of the changes in the phases of the rainfall 
and of the contributions to to ta l ra infa ll from each of the types o f sys­
tems. A detailed interpretation of these spatial adjustments requires the  
development of circulation statistics fo r both regions but these are  
presently available only for th e  western Orange Free S tate. Rainfall and 
ra infa ll variations over the western Orange Free State therefore form thn 
major foci In the remalnde- of th is  thesis.
CHAPTER 4
THE ANNUAL CYCLE OF THE ATMOSPHERIC CIR C ULA TION
INTRODUCTION
The h istory of the development of circulation climatologies fo r  the 
Southern Hemisphere extends back into the nineteenth century . Data 
from the extensive shi, ping fleets of the late nineteenth and f irs t  half 
of the twentieth centuries facilitated the development o f climatologies of 
surface tem peratures, pressures and winds over the predominantly 
oceanic Southern Hemisphere (van Loon, 1972b, 1972c, 19?2d; Hastenrath  
and Lamb, 1977, 1979a). U p p er-a ir circulation climatologies have prima- 
rliy  been established in the past 30 years although prelim inary analyses 
fo r the lower troposphere were attempted through extrapolation of surface 
data (Teisserenc de Bort, 1893). Regular u p p er-a ir soundings from a 
limited network of stations f irs t  became available afte r the Second World 
War but the major stimulus to the expansion of the data network came 
with the International Geophysical Year of 1957 to 1958, Based on data 
from th e  International Geophysical Year and from careful analysis o f daily 
surface and u p p er-a ir fields in th e  South African Weather Bureau's 
Southern Hemisphere Atmospheric Project a series o f atlases were devel­
oped (T aljaard  ef a ! . ,  1969; van Loon et a ! . ,  1971; Jenne et a ! . ,  1971; 
C rutcher et a / . ,  1971) which have formed the foundation for an extensive 
series o f discussions of the hemisphere's large-scale circulation (van  
Loon, 1965, 1967a, 1972a, 1972b, 1972c, 1972d; Taljaard , 1967, 1972; van 
Loon et o h , 1968; S ta rr et a ! .,  1969; Viswanadham et a ! . ,  1980), Further 
expansions of the reporting network since 1960 have facilitated the de­
velopment o f additional climatologies based on radiosonde data (Newell et 
a ! . ,  1972; Oort and Peixoto, 1983; Peixoto and Oort, 1983) b u t there 
remain U rg e  areas over which extrapolation of data Is necessary. New 
platforms fo r data collection over the oceanic regions, including floating  
buoys (Guymor and Le Marshall, 1981) and. In p articu lar, satellites have
rendered possible the development of h igh -q u a lity  daily hemispheric data 
sets from which improved details o f the circulation are being obtained 
(Le M arshall and K elly , )981; Bengtsson et o l . ,  1932; Le Marshall et 
a t . ,  1983), Data collected during FGGE have also permitted development 
o f detailed climatologies of the flow over the Indian and western Pacific 
Oceans (Sum! and Murakami, 1981; Murakami and Sumi, 1982; Cadet, 
1983).
Climates of the continental areas have naturally been easier to study than 
those of the hemisphere and available climatologies Include those fo r South 
America (Kreuels et a / . ,  1975; Chu and H astenrath, 1982). Atlases of 
th e  surface circulation have been prepared fo r A frica (Jackson, 1961; 
Thompson, 1965) both o f which also incorporate basic details of th at of 
th e  u pper a ir . Data from the network of p ilo t and sounding stations were 
used fo r the e. H jest studies o f the mean circulation over South A frica 
{Cox, 1935; Jackson, 1952; Hofmeyr, 1952, 1953, 1954; T aljaard , 1953). 
The radiosonde network was expanded for the International Geophysical 
Year and collected data formed the basis of the f irs t  systematic studies 
of the u p p er-a ir circulation over the continent (Hofm eyr, 1981, 1962, 
1970). Subsequent climatologies fo r South A frica itself have all been 
developed based on conventional data (Schulze , 1965; Katsiamblrtas, 
1979; T aljaard , 1981b).
As a prelim inary to the study of the controls on the frequency of de­
velopment through the year of the various types of synoptic systems 
exerted by circulation in the southern African region a climatology of the  
circulation over Bloemfontein Is developed in this C hapter. Only the 
Integral circulation is considered as the average circulation fo r  each type  
o f system Is discussed elsewhere [Harangozo, 1986). Objectives include 
the development of an overview of the atmospheric stru c tu re  over the 
central in te rio r o f South A frica within the context o f th a t o f the Southern 
Hemisphere and the investigation of the properties of the meridional flow, 
a parameter o f major importance In terms of th e  hypothesis that rainfall 
variations are related to the meridional momentum flu x , Harmonic analysis 
of monthly mean values is employed to investigate th e  structures o f and 
hence the controls on th e  seasonal cycles of each parameter.
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Basic u p p er-a ir statistics have been tabulated fo r all radiosonde stations 
in South A frica and Namibia (F ig , 4-1 and Table 4-1 ) by Katsiambirtas 
(1979) and th e  mean monthly circulation over southern A frica as revealed 
b y these data described by Taljaard (1981b). Monthly mean values of 
tem perature, geopotential height, mixing ratio , d ry  and total static en­
ergy and zonal and meridional wind components in addition to  the monthly 
standard deviations of temperature, geopotential height and zonal and 
meridional wind speeds have been calculated from Bloemfontein data at 
the surface (around 870 mbj and at 850 , 800 , 700 , 600, 500, 400, 300, 
200, 150 and 100 mb. Above 100 mb th e  number of observations declines 
rapidly with height. Data fo r the 1200 GMT ascent were used (0000 GMT 
ascent data are available only from 1974), Analyses of the various 
standard deviations are presented in Appendix B. For the meridional 
component a reversal of the normal convention has been used in th a t o 
n o rth e rly , i . e .  poleward, wind Is taken as being positive.
Th e problems involved in handling u p p er-a ir data are well known.
Notwithstanding sampling errors biases may develop in the data set to ­
wards light wind (Priestly  and T ro u p , 1964) and, possibly with certain  
of the older balloon tracking  fac ilities, towards cloud-free conditions. 
F u rther bias may be introduced by the continued collection of
thermodynamic data while th e balloon is no longer being tracked. This 
la tte r bias Is present in the Bloemfontein data in that the number of 
tem perature observations at 100 mb is typ ically 80 p er cent o f the number 
at the surface In any month while the corresponding proportion of wind 
observations at the same level Is typ ically 55 per cent, Such biases may 
affect In an unknown manner any o f the u p p er-a ir statistics discussed 
in th is thesis. Nevertheless, following Newell et at, (1972 ), It  will be 
assumed that all errors Introduced are random and sum to  zero. Con­
sequently statistics have been calculated from all available data. O f all
the parameters recorded by radiosondes the atmospheric moisture content
is the most d iffic u lt to measure accurately, Rasmusson (1972) has dis­
cussed the problems involved, O ver the period studied three diffe rent 
types o f radiosonde have been released at Bloemfontein and there Is some 
concern over th e  consistency and accuracy of the humidity values meas-
Figure Q -f . Locations o f southern A frica  radiosonde stations.
ured by each of these types of equipment (McGee, 1976; T aljaard , 1983). 
With reference to the present results it  is fe lt  th a t any errors should
Table 4 -7 . Locations of selected stations In  the Southern Hemi­
sphere.
Alexander Bay 28034'S 16°32'E Harare 17°50’S 31o01'E
Bloemfontein 29e06'S 26®18'E Luanda 8 °5 rs 13°14'E
Bulawayo 20°09,S 28e37'E Maputo 25<555'S 32°34'E
Cape Town 33°58'S 18°36'E Marlon Island 46eS3'S 37°52'E
Cocos Island 12°11'S 96=49'E Nairobi 1018'S 36°45'E
D ar es Salaam 6°53'S 39°12'E Port Elizabeth 33°59'S 25°36'E
Darwin 12e26’$ 130°52'E Pretoria 25n55'S 28°13'E
Djakarta 6®11'S 106°S0'E SANAE Base 70=18'* 2°21'W
Durban 29058'S 30°57'E Tahiti 17°33’S 149037'W
Easter Island 27°10'S 109°26'W Windhoek 22°29’S 17°28'E
be reflected quasi-unlform ly in the mean statistics fo r all months and so 
mixing ratios have been calculated d irectly from the data with no cor­
rections applied. Thus the annual moisture cycle as discussed below 
should be representative of actual conditions even if the absolute mag­
nitudes of the calculated mixing ratios are In e rro r,
THE ANNUAL CYCLE
Thermodynamic parameters
The oceans play a major role in the control of the tem perature cycle over 
the Southern Hemisphere. Maximum temperatures o f the surface a ir over 
the oceans at around 30®S are reached in m id-February ra ther than In 
late December (van Loon, 1972b; White and Wallace, 1978), a phase which 
remains constant in the cycle of the zonally-averaged temperature as high 
as 300 mb (van Loon et a ! .,  1968; Newell et a ! .,  1974). Above 300 mb 
the time of the maximum shifts from F ebruary to m id-August at 100 mb. 
O ver Bloemfontein the surface a ir temperature reaches a maximum in early 
January , indicating a continental control on the annual wave d irectly  
related to the cycle of insolation (F ig , 4 -2 a ). Continental controls are 
also reflected In the amplitude of the surface wave which Is double that  
of the zonal average, as is also the case over Australia (van Loon, 
1972b). Between the surface and the 300 mb level the date on which the  
temperature maximum is reached changes progressively from early to 
m id-January, indicating that the continental control is dominant at least 
to  this level. Only near the amplitude minimum at 200 mb does the phase 
match th a t of the oceanic atmosphere below 300 mb. The amplitude of 
the annual wave, like the magnitude of the tem perature Itse lf, remains 
greater than that of the zonal average up to  the 300 mb level. In the  
stratosphere the amplitude Increases again to 4 .5 °C , a value comparable 
with th a t below 200 mb and la rg er than those given by either van Loon 
et oZ. (1968) and Newell et at. (1974) fo r the zonal mean or van Loon
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Fig u re U -2 . Results of harmonic analyses of monthly mean tern' 
p eroture and geopotential he igh t fields at Bloemfontein: a )  1st. 
harmonic of tem perature; b )  2nd. harmonic of tem perature; c)
1st. harmonic o f geopotential height; d ) 2n d . harmonic of 
geopotential h eigh t. In  c )  and d )  surface values re fe r to h ar­
monics of the pressure Itse lf using the amplitude abscissa scale 
In  units of mb x  10‘ 1.
and Jenne (1970a) fo r the African region. The date o f the maximum at 
Bloemfontein (m id-Ju ly) Is about one month p rio r to  that given by the  
earlier analyses. Tem peralure variations in the lower equatorial 
stratosphere have been modelled In terms of the differences in the tropica! 
meridional circulations between the northern and • ju th ern  summers (Reed 
and V lcak, 1969), the lower temperatures accompanying the more vigorous 
ascent In tropical la titudes of the austral summer, Following Oort and 
Rasmusson (1970) these circulations are strongest in February and Au­
g u st, during  which months the annual lower stratospheric tem perature
wave at 30°S reaches its lowest and highest values respectively. Over 
Bloemfontein the maximum temperature at 100 mb is reached in mid-July 
contemporaneously with the minimum In the layer between 500 and 300 
mb at t^e same location and during a period of persistent subsidence over 
th e  subcontinent. Thus there appears to be a local extension of the 
continental control on the temperature cycle into the lower stratosphere 
in terms of both the phase and the amplitude of the annual wave. V a r­
iances explained by the annual tem perature wave (above 90 per cent 
everywhere except near the 200 mb amplitude minimum) remain similar 
both in the zonal average (van Loon et a !.,  1968) and at Bloemfontein 
at all levels.
A m id-w inter peak in the surface pressure Is a standard continental 
feature in the Southern Hemisphere subtropics (Hsu and Wallace, 1976b; 
van Loon and Rogers, 1984) and is present at Bloemfontein (F ig . 4 -2 c ). 
The amplitude of the Bloemfontein surface pressure wave, 3 .6  mb, is 
somewhat lower than the estimates of van Loon (1972c) and Hsu and 
Wallace (1976b) (6  and 5 mb resp ective^ ) based on data in the atlas of 
Taljaard et at. (1969). The reversal of phase between the lower and the 
upper troposphere is consistent with the annual tem perature wave and 
occurs in means across the oceanic sector 60 to t2Q°E (van Loon, 1972c.). 
Amplitudes at Bloemfontein tended to be uniformly lower than those ob­
tained fo r that sector although at 200 mb the amplitude is comparable 
with that of the zonal average. In accordance with the continental In ­
fluence on the annual tem perature wave the peak of the height wave 
develops contemporaneously with th at of the temperature wave (F ig , 4-2a) 
and earlier than th a t in the w  to 120aE sector. Th e phase of the 
geopotentlal height wave remains steady Into the stratosphere and so does 
not reflect the reversal of the tem perature wave. A primary barotropic 
structure of the annual thermodynamic wave Is signified by the syn­
chronism of the tem perature and height cycles in the layers between 600 
and 300 mb. The amplitude of the height wave Is ra ther smaller, how­
ever, than required to compensate fo r th at of th e tem perature wave, a 
result that suggests th at a barocllnic component to th e wave is also 
present. In the lower troposphere and In the stratosphere the structure  
of the wave Is principally barocllnic. A t no level does the variance ex ­
plained by any lower harmonic exceed th at accounted fo r by the f irs t ,
although at the level of the phase change at 700 mb the f irs t  four h ar­
monics all account fo r more th a t 15 per cent of the variance.
Below 500 mb the annual specific 'im idity cycle, which never accov'ts  
for less than 93 per cent of the variance, reaches its maximum up to a 
month la ter than the appropriate maxima o r minima in the temperature 
and geopotential waves (F ig . ‘‘'- 3 a ) .  Accordingly the moisture cycle is 
not d irectly  associated with the annual thermodynamic cycle. Phase an­
gles increase slowly with altitude such that at the surface the maximum 
occurs on 5 February as against 2C January at 400 mb. The cycle of the  
mean monthly precipitable water is dominated b y the f irs t  harmonic. This  
cycle neaks on 1 February, a result In good agreement with earlier cal­
culations fo r vhe years 1967 and 1968 (McGee, 1978).
The seasonal d istribution of th e  d ry  static energy is th at o f a stable 
tmosphere. In the d istribution  of total static energy most of the in flu ­
ence of the addition of the latent energy appears in the lower layers of 
the atmosphere during  the re latively moist summer months (F ig . 4 -4 ) .  
During the ra infa ll season the energy minimum typical o f the 
conditionaliy-unstable tropical and subtropical atmospheres becomes ele­
vated ‘o the 600 mb lev.tJ as compared to its location at around 800 mb 
during the more stable w in ter months. Variances explained by the six 
harmonics of the d istributions of both d ry  and total static energy re­
mained similar at all levels. Th e major effects of the addition of the latent 
energy are to approximately double the amplitudes of the waves in the  
lower troposphere anr1 to adjust somewhat the phase angles of these 
waves. Below 600 mb the maximum of the f irs t  harmonic occura around 
5 to 10 ■’•"uary fo r the d ry  static energy on account of the continental 
controls but around 20 January fo r the total static energy (F ig . 4 -3 c ).  
This la tte r peak date remains quasi-constant up to 200 mb above which 
level th e  phase reverses to a m id-w inter peak. The annual cycle of the  
total static energy thus reflects th a t o f the tem perature ra th er than that 
of the geopotential heights in confirmation of th e  observation that tem­
perature changes are not fu lly  compens..ted b y appropriate thickness 
changes. One consequence of tho constancy of the phase of the annual 
cycle of the tvtal static energy In the troposphere is th at the maximum 
thermodynamic Instability over Bloemfontein develops around 20 January.
Figure  4 -3 . As F igure Q-2 b u t fo r: a )  1st. harmonic o f specific 
hum idity; 6 )  2nd. harmonic o f specific hum idity; c )  1st. harmonic 
of to+iil static en erg y; d )  2nd. harmonic of total s tatic  en e rg y.
Kinematic parameters
A t all levels the f irs t  harmonic of the monthly distribution of the zonal 
wind is dominant (F ig . 4 -5 a ) . The phase of th e  annual wave indicates 
th a t the August zonal wind maximum cannot be d irectly  reiated to the  
thermcr'ynamic cycle over- Bloemfontein with its January peak. 
Bloemfontein lies at a la titude at which the f irs t  harmonic o f the  
. zonaiiy-averaged geostrophlc wind dominates the annual cycle (van  Loon 
e t a t . , 1968). Th e amplitude of the wave at Bloemfontein Is iess than 
th a t of th e zonal mean which Is dominated by the stronger winds over 
the eastern hemisphere (van Loon, 1972d).
Fig u re  4 -4 . Seasonal d istribution  of total static energy at 
Bloemfontein (J  k g - 'x IO * ) .
Throughout all months the mean meri 'onal flow at levels up to 600 mb 
is poleward b u t above that level the direction of the flow reverses four 
times during the year (F ig , 4 -6 ) ,  reversals reflected in the results of 
the harmonic analyses, The variance explained by the f irs t  harmonic 
exceeds th a t accounted fo r  b y th e  aecom only up to  700 mb above which 
level the ,scond harmonic is dominant (F ig s. 4-5c and d ) .  Equivalently 
the phase of the second harmonic is such that summer maxima are limited 
to the period 25 January (200 mb) to 5 March (700 mb) whereas th e  phase 
fo r the annual wave varies continuous!/ with height except below 700 
mb where the maximum occurs around 5 November, roughly at the time 
o f the surface zonal component annual maximum.
i f  ^  J
.....T
Figure  4 -5 . <4s F igure 4-2  but fo r:  a )  1st, harmonic of zonal
component; b )  2nd. harmonic of zonal ^-mponent; c) 1st. h ar­
monic of meridional component; d ) 2nd- harmonic of meridional 
component.
TH E SEMI-ANNUAL CYCLE
Kinematic parameters
Above 500 mb the second harmonic explains over 50 per cent o f the 
variance of the d istribution of the meridional component at all levels (F ig . 
4 -5 d ) . Low-level maxima of the meridional flow occur around 850 to 800 
mb b u t the height of the upper-level maximum (200 mb) is clearly defined
Figure U -6 . Seasonal d is tribution  of the meridional component 
a t Bloemfontein (m s - ') .  N o rth e rly , I .e .  poleward, winds are 
p ositive. Stippled areas denote equatorw ard winds.
only at times of peak equatorward flow . Above 700 mb the maximum 
poleward flow on the second harmonic corresponds to within a few days 
with the maximum/minimum of the zonal flows on the annual cycle. Only 
at 150 mb does the second harmonic explain as much as eight per cent 
of the variance of the zonal components (F ig . 4 -5 b ) .
Thermodynamic parameters
The major contribution of the second harmonic to the thermodynamic cycle 
is to the temperature d istribution at 200 mb where it  accounts fo r 60 pe '1 
cent of the variance (F ig . 4 -2 b ) . Th e amplitude of the harmonic at 200 
mb, r C ,  is grea ter than that fo r  the zonal mean at 30°S (van Loon et 
a l . ,  1968) and Is comparable with th at fo r the oceanic sector 60 to  120°E 
(van  Loon and Jenna, 1970b). T h e  second harmonic Is of importance to
v -
71
the cycle of geopotential heights only in the vicin ity of the phase change 
around 700 mb (F ig . 4 -2 d ). The relationship between the temperature 
and geopotential six-month waves Is similar to that between the corre­
sponding annual waves. Between 600 and 200 mb the maxima occur almost 
simultaneously In late F ebruary/A ugust but near the surface and above 
200 mb the waves tend towards an anti-phase relationship with one an­
other. As in the case of the annual waves the tem perature changes on 
the semi-annual cycle are not fu lly  compensated by appropriate thickness 
changes. Thus changes on both the annual and *he six-month  
thermodynamic waves through much of the tropo phere are
quasl-barotropic In nature but In the highest and lowest levels both waves 
have a baroclinic stru c tu re . A t 200 mb the second harmonic of th e  dis­
tribution  of the total static energy accounts fo r 32 per cent of the v a r i­
ance (F ig . 4-3d> , the level at which the second harmonic of the
tem perature explains 60 per cent of the variance. No reflection of the
700 mb maximum in the geopotential heights is present in the semi-annual 
energy wave.
DISCUSSION
Differences in the heat budgets of the southern African land mass and 
of the surrounding oceans, such th at the highest surface temperatures 
are  achieved in early January at Bloemfontein and in m id-February over 
th e  oceans, are important determinants of the seasonal cycles o f the a t­
mospheric circulation above the western Orange Free State. Controls on 
th e  tem perature cycles exer.ed  by th e properties of th e  underlying sur­
faces extend upward to at least the stratospheric je t-stream  zone1 such 
th a t continental influences are dominant In the determination of both the
1 The zones are; boundary zone -  surface to  700 mb; barotropic zone -  
700 to 300 mb; je t-stream  zone ir. two parts -  the tropospheric 
jet-stream  zone from 300 to 200 mb and the stratospheric je t-stream  zone 
from 200 to 100 mb.
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phases and the amp'itudes o f the cycles »#■ the tem perature and pressure 
above Bloemfontein (the various atmospheric zones and th e ir properties 
are described in Appendix C ), Maximum atmospheric moisture concen­
trations do not, however, occur In early January b u t ra ther in early  
February at about the same time as highest sea surface temperatures off 
the east coast o f the subcontinent. One consequence of the differences 
In the phases of the annual cycles of the tem perature and of the specific 
humidity is th a t the monthly-mean energy stratification , and hence of the 
thermodynamic s tab ility , of the atmosphere Is determined by the conti­
nental controls In conjunction with the controls on the moisture concen­
tratio n s. Mixed maritime and continental controls on the phases of the 
tem perature cycles at o ther southern African stations result in cycles of 
the pressure gradients across the central in terior of South A frica with  
d iffe ren t phases to  th a t of the temperature at Bloemfontein (see Appendix 
D) with resultant effects on the seasonal cycles o f the wind components. 
Presumably the differences in the phases of the cycles o f the moisture 
and of the tem perature result in p art from the mixed maritime and con­
tinental controls on the pressure gradients. Examples of the associations 
between the cycles of the pressure gradients of th e  winds at Bloemfontein 
may be given fo r both the zonal and meridional components.
Above 700 mb the phase of the annual wave of the zonal component at 
Bloemfontein corresponds closely with that of the zonal mean which in 
tu rn  Is consistent with the annual cycle of the zonal mean tem perature 
grad ien t across 30°S (van Loon et a l . ,  1968; Newell e t a l . ,  1974). The  
maximum zonal wind on the f irs t  harmonic corresponds to w ithin a few  
days with th e  maximum pressure gradients across 30°S as estimated 
through harmonic analysis o f d ifferences between 200 mb monthly mean 
heights at Pretoria and Port Elizabeth, the f irs t  harmonic o f which ex ­
plains 94 p er cent of the variance. In geostrophlc terms the pressure  
grad ien t wave Imposes a variation o f 7 .3  ms- 1 on the zonal w ind , a fig u re  
which compares well with the observed 7 .2  m s-1. Mean zonal winds In 
the upper-troposphere are thus in quasi-geostrophic balance with the  
pressure gradients. Below 700 mb in the boundary zone the maximum 
of the zonal wind Is delayed by up to two months from th a t In the 
upper-troposphere (F ig . 4 -5 a) but a t 800 mb the pressure grad ient be­
tween Pretoria and Port Elizabeth reaches a maximum on the same date 
as at 200 mb. The amplitude of the wave at 800 mb, 1.1 m s-1, Is
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somewhat loss than that required for geostru^hic balance ( 1.8  m s-1) .  
No equivalent change in phase in the lower troposphere occurs In the 
zonally-averaged data (van Loon et a t .,  1968) and there is, therefore, 
a marked ageostrophic component In the boundary zone mean wind, as 
noted by Taljaard (1981b). The ageostrophic component Is probably re­
lated to the influence of the topography on the flow.
Seasonal changes In the pressure gradient in the zonal direction across 
Bloemfontein introduce a semi-annual cycle into the distribution of the 
meridional component, a significant result in terms of the hypothesis that 
ra infa ll varies with the poleward momentum f lu x . Harmonic analysis of 
pressure gradients between the coastal stations of Durban and Alexander 
Bay has been used to estimate the degree of geostrophlc balance of the  
meridional winds In both the lower layers, i.e .  at 800 mb where the annual 
wave of the distribution is dominant, and near the tropopause, i.e .  at 
200 mb where the six-month cycle is dominant. Th e stations are not, 
however, ideally suited to the purpose because the mean 200 mb height 
at Alexander Bey is higher than that at Durban in all months apart from 
January. T he height difference results from the former station's location 
to the west of the axis of the upper-level trough commonly located across 
the in terior of the subcontinent during rain spells. A t 800 mb on the 
f ir s t  harmonic (33 per cent of the variance) the gradient reaches a 
maximum in early March whereas the poleward wind maximum is in No­
vember. Boundary zone meridional winds, as low-level zonal winds, thus 
contain a marked ageostrophic component. A t 200 mb the second harmonic 
explains 47 per cent of the variance of the cycle of Durban-Alexander 
Bay pressure gradients with the phase corresponding closely with that 
of the Bloemfontein meridional winds although height cycles at both 
coastal stations are dominated b y the annual cycle (see Appendix D ). 
The semi-annual cycle In the upper-tropospheric gradient Is a conse­
quence of the non-coherence of the phases of the annual cycles at the 
coastal stations which results from vary ing  continental and maritime in­
fluences. Reasonable agreement is obtained at both levels between the 
estimated magnitudes of the appropriate waves of the geostrophic wind 
(0 ,4  ms- 1 at 800 mb and 0 .7  ms- 1 at 200 mb) and the observed values 
(0 .5  ms- 1 at both levels). In terms of the close phase relationship be­
tween the gradient and the component It  may be in ferred  that the flow 
s Bloemfontein Is in quasi-geostrophic balance.
One Important aspect of the results is the lack of a corresponding inverse 
six-month cycle in the boundary zone meridional winds to that in those 
of the upper troposphere. Th e persistent mean northerly  flow in the 
lower atmosphere is consistent with the presence of a Ferrel Cell over 
the central in terior of South A frica during  the transitional months. 
During the high seasons only the upper-level flow reflects that of a 
Hadley Cell with the result th at a tran spo rt of mass from tropical to 
temperate latitudes occurs. Poleward mean flow at most levels over 
southern A frica is also noted in th e meridional cross-sections of Newell 
and Kidson (1979) and of Lindesay (1986). Assuming th a t the
ageostrophic low-level circulation is a result of orographic effects induced 
by the elevated subcontinental plateau then the meridional toroidal c ir ­
culation switches between the Hadley and Ferrel Cells according to the 
phase of the semi-annual cycle. Further the changes in the 200 mb 
meridional circulation on the semi-annual cycle together with the In-phase 
semi-annual cycle of the tem perature at th a t level are Indicative o f the 
presence of the subtropical je t-stream  to the south and to the north of 
Bloemfontein in the high and transitional seasons respectively (a summary 
of the properties of the meridional circulation in the Southern Hemisphere 
and of the je t is given in Appendix D ).
The introduction o f a semi-annual cycle in the sense of the toroidal c ir ­
culation through the year implies th at th ere  are Important related changes 
in th e  dynamics o f the atmosphere over the central in terior of South 
A frica . No comprehensive model of the circulation controls of the rainfall 
cycle may th erefore be developed without Incorporating relevant aspects 
of circulation changes on the semi-annual cycle In addition to those on 
the annual cycle. Components of the circulation of the Southern Hemi­
sphere /nodulated on a semi-annual cycle are reviewed and the origins 
of the cycle discussed In Appendices D and E, Several important prop­
erties of the circulation changes associated with the semi-annual cycle 
are summarised in Figure 4 -7 . F irs t, meridional components modulated 
on semi-annual cycles are lim ited to the central parts o f the subcontinent. 
Secondly, the circulation over the eastern parts of the subcontinent Is 
anomalously anticycionic and anomalously cyclonic In the high and the 
transitional seasons respectively. T h ird ly , the 200 mb component at 
Gough Island Is In the opposite direction to th at at Bloemfontein on the 
semi-annual cycle, suggesting the* a standing wave lies over the Atlantic
NOVEMBER -----------  FEBRUARY
F igure  4 -7 . Schematic Illustration  o f some major surface and 200 
mb features o f the semi-annual cycle In  the A frican  sector of the 
Southern Hemisphere ( repeated from  F igure E ~ 1). Median lo ­
cations ore given fo r November (dashed) and F ebruary [ fu ll )  of 
the: subtropical anticyclones from  McGee and Hastenrath (1366); 
A tlantic cloud band between 30 and  40 *5  from Streten  (7073); 
lonally-averaged sub-A ntarctic trough from van Loon 
200 mb winds a t  Bloemfontein, Gough and Marlon Islands and 
SANAE Base (m arked w ith  crosses) were taken from the present 
results while the tropical and polar zonal winds are based on van 
Loon e t at. (1968). A t polar latitudes th e  appropriate turning  
points fa ll in  A p ril and October ra th e r than In  February and  
August.
Ocean and th at its longitudinal location is modulated on the cycle, The 
wave lies fu rth e r west in the high seasons. Fo u rth ly , the longitudinal 
location o f the Atlantic cloud band, like th a t of the wave. Is modulated 
on the semi-annual cycle and It  Is suggested that the locations of the  
bands and hence of the tropical-tem perate troughs over South A frica may 
be similarly modulated. Phases of the semi-annual cycles In the circu­
lation d iffe r  between low and high latitudes. Phases of the semi-annual
waves at Bloemfontein are in closer correspondence with those in the 
trop ical, ra ther than In the polar, atmosphere
Thus the seasonal cycle o f the atmospheric environment over the central 
in terior o f South A frica is complex with waves of vary ing  phases and 
periods dominant in the d iffe ren t cycles of the prime circulation parame­
ters as a result o f the interactions between the continental and maritime 
controls on atmospheric tem perature. Because of the non-uniformity of 
the cycles the mean circulation in each month is unique. Inspection of 
the October to March circulation fields fo r each typ e o f system and for 
d ry  days over the western Orange Free State presented by Harangozo 
(1S86) Indicates th at the structures of the systems also vary  on a monthly 
basis on cycles which are not always identical to those fo r the integral 
circulation. Inter-m onth changes in the dynamics o f the systems must 
accompany the changes In the mean circulation.
CONCLUSIONS
South A frica 's subtropical location and its surrounding oceans are two 
of the major determinants of the circulation over the In terior o f the 
cou n try . Only the zonal flow abova the boundary zone is largely un­
modified from that of the atmosphere over the oceans at 30°S; all o ther 
circulation parameters including th e  thermodynamic parameters and the 
meridional flow are influenced b y the presence of the land mass. Con­
tinental influences control the cycles o f the tem perature and pressure 
through the troposphere and into the lower stratosphere b u t that of the 
moisture Is also related to maritime factors , A«= a result the energy 
stru c tu re  o f the atmosphere Is determined by both continental and mari­
time influences.
One of the major effects of the mixed continental and maritime controls 
on the circulation Is the development of a semi-annual cycle In the lon­
g itudinal pressure gradient with the consequent derivation o f an equiv­
alent cycle in the meridional circulation across Bloemfontein. This cycle 
Is In phase with the semi-annual cycles in the tropical and subtropical
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atmosphere of the Southern Hemisphere. As a result of the reversals 
of the barotroplc and je t-stream  zones' meridional flow the toroidal c ir ­
culation Is modulated on the semi-annual cycle with the Hadley Cell 
dominant In the high seasons and the Ferrel Cell In the transitional sea­
sons. Circulation changes on the sen.l-annual cycle represent important 
c o m p '" 'i ts  of the seasonal changes of the atmospheric structure over the 
centra, ..ite rio r of South A frica . Continental and maritime controls thus 
combine to produce annual and semi-annual cycles o f vary ing  phases and 
periods in the circulation over the western Orange Free State and to 
define th *  .vironmsnt within which the various types of rain-bearing  
systems v mbedded.
1
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CHAPTER 5
M ERIDIONAL MOMENTUM FLUXES
THE HYPOTHESIS
The tropic?!-tem perate troughs that maintain majci cloud bands in the  
Southern Hemisphere are distributed  within a number of zones located 
over the oceans ">nd across the land masses of southern A frica (during  
the rainfall season months) and Australia (throughout the y e a r ). Lo­
cations of the bands dad hence of the troughs vary  longitudinally within  
the .zon&s on both .short and long time scales and it  has been suggested  
th a t these displacements may, in p art, account fo r rainfall variations 
across Australia in the w inter montsis and over the subtropical Pacific 
Ocean islands (St.-eten, 1973). Troughs In the vicin ity of th e  African  
cor.unent tend to tie e ither over the African subcontinent itself or across 
Madagascar; du rin e wet spells In southern A frica troughs Vend to overlia 
ti '4  subcontinent rather than Madagascar whereas in d ry  spells the pat­
tern  reverses. The leading edges of upper westerly waves form the  
vnbtropica! and temperate portions of th e  troughs (S tre ten , 197o; 
M u igozo and Harrison, 1983; Tapp and B arrell, 1984) a'ld accompanying 
rsmfa!! over South A frica is thus associated with a poleward flow at those 
levels (Harangozo, 1986). One of the apparently consistent character- 
of th e atmospheric circulation during wet periods Is the enhance" 
mi. it  of the poleward component of the flow across the country. Synoptic, 
st'. 'le t of heavy rainfall events (T rieg aard t and Kraus, 1957; Triegafcrdt, 
I f b la ,  1961b; Gouws, 1966b; Taljaard , 1981a) and comparisons of wet and 
t:ry is rio d  mean circulations at the surface and in the u p p er-a ir  
(T H eg sard t and Kits, 1963; Hofmeyr and Gouws, 1964) in addition to  
diiHt,* analyses of wind directions (Miron and Lindesay, 1983; Miron and 
Tyson, 1984) have all indicated th at the poleward flow strengthens during  
wet s p « ! L o n g i t u d in a l  movements of the troughs, adjustments t"  tha
meridional flow and variations in rainfall across South A frica may thus 
be in terre lated .
Inspection of satellite images reveals that cloud bands in the Southern 
Hemisphere are normally rooted in regions’ of active tropical convection 
and, in p articu lar, t action over the tropical land masses, Recognition 
of th is fact has led to the suggestion th at the bands may be visual 
markers of cham ois of energy efflux from the tropics to temperate la ti­
tudes (Johnson, 1969; S treten , 1973). This postulate appeared to have 
been verified  in a q uantitative study of the energy s tru c tu re  of the at­
mosphere over the North Pacific Ocean at times when bands equivalent 
to  those of the Southern Hemisphere were rooted in Pacific typhoons 
(Erickson and Winston, 1972). Analyses of the stru c tu re  of the Southern 
Hemisphere atm ost' at 200 mb using data from th e  HOLE constant level 
balloon experiment do not, however, substantiate th e  concept o f channels 
o f energy efflu x  associated with the bands but Instead suggest that the 
bands form In regions of poleward eddy fluxes of momentum. According 
to th e  theory of Eliassen and Palm (1961) the eddy energy flu x  is in the  
opposite direction to the momentum flux and th e  bands may according! " 
form in regions of energy flu x into  the tropics (Webster and C u rtin , 
1975). Evidence to  support the postulated opposition of momentum and 
energy eddy fluxes at subtropical and temperate latitudes In the Southern 
Hemisphere has been obtained fo r two summer months of the FGGE year 
by Paegle and Baker (1982) b u t the theory has not been confirmed fo r 
the circulations o f the bands themselves. Recalling that longitudinal 
movements o f the tropical-tem perate troughs in the vic in ity  of the sub­
continent are related to rainfall variations over the continental in terior 
it  may be hypothesised th a t ra infa ll over the summer rainfall region of 
South A frica varies d ire ctly  with the poleward momentum flu x across the 
region.
As a d irect consequence of the dearth or data over the oceans most 
studies of th e  momentum balance and of the associated fluxes over the 
Southern Hemisphere huve been based eitner on zonally-averaged Eulerfan 
wind data (Obasl, 1963a; Kidson ef of. 1969; W w ell et a ) .,  1960; Newell 
pt a ! . ,  1972; Newton, 1972; Johnson, 1983; O ort and Peixoto, 1983; 
James, 1983) or on Lagrangian data obtained from constant-level balloons 
(Solot and Angell, 1969, 1973; A ngall, 1972; Webster and C u rtin , 1974),
he basic structure o f the zonally-averaged circulation of the hemisphere 
has been revealed through these studies which have thus contributed  
towards the understanding of the climate of the Hemisphere as a whole, 
Yet marked regional deviations of the circulation from the. zonal means 
occur across the hemisphere (Krishnam urti, 1971a; Newell et a l . ,  1972; 
Newton, 1972; Webster and C u rtin , 1975; Physick, 1981; T ren b erth , 
1981, 1962; Webster, 1983) which to date have received limited attention  
and which are o f immediate importance to  local climates. Momentum fluxes 
and th e  momentum budget over several areas of th e  N orthern Hemisphere, 
including North . merica (Hoiopainen et a l . ,  1980) and western Europe 
(Holopainen, 1982), have been examined but equivalent Southern Hemi­
sphere studies have been n '...d mainly to the re latively data-rich  
Australasian region (Priestley , H I;  Yoshida, 1967; T u ck er, 1973; Newell 
et o f ., 1974; Brock, 1982). No previous studies have been undertaken 
fo r southern A frican. Values of all components of the meridional mo­
mentum flux are calculated by month in this Chapter both fo r the integral 
circulation and fo r eacn of the types of systems in the classification. 
Harmonic analysis is used to investigate the seasonal cycles of each 
component.
BACKGROUND
Detailed discussions of the bas o th eo ry of the global momentum balance 
and of the meridional fluxes required to achieve the balance may be found 
elsewhere (Lorenz, 1967; Palmen und Newton, 1969; R eiter, 1969). Only 
th e  essential details will be provided here in an approach following that 
o f Newton (1972). The vertica lly -In teg rated  absolute angular momentum, 
M, of the atmosphere at a point a t latitude » is giver; by
M = / f l>(a i cas2i  R + ocostf u )d p /g  5-1
where o represents the radius of the Earth and the variation of height 
between the surface (at pressure p d) and the top of the atmosphere (at 
pressure p lz taken as 100 mb) has been Ignored; Q Is the angular velocity 
of the Earth and u  Is the zonal wind speed re lative to the surface. The
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firs t  right-hand term , re ferred  to as the ea^th or fi angular momentum, 
is the angular momentum of the atmosphere were it in soil'd rotation with 
the planet. The second right-hand term , the relative angular momentum, 
is the angular momentum of the atmosphere relative to the Earth. Ab­
solute angular momentum increases with a stronger westerly component 
of the zonal wind.
The flux of momentum (M^) associated with the meridional wind compo­
nent, v , is given by
Mp 3 /» • vCocos* $2 ♦ u)ocos4 d p /g  5-2
where poleward meridional flows are positive. Values o f all variables may 
be decomposed in the usual manner into a monthly mean value (denoted  
by an overb ar) and a deviation from the mean (denoted by a prim e),
e .g . u = u ♦ u" such that Equation 5-2 becomes
= / p"e (acosf Rp * P0 *  vVJocos# d p /g .  5-3
The three rig h t-h an d  terms represent the flu x  of earth angular momentum
and the fluxes of relative angular momentum by the mean (th e  circulation 
f lu x ) and the transient fluxes respectively. The f irs t  two terms define 
the flu x  by the toroidal circulation.
In ord er to compare the Bloemfontein results with those obtained fo r the  
zonal means it Is necessary to in tegrate equation 5-3  around a line of 
la titude, so that
[#^3 8 2na1co$1* / |)p|ll(acos* R[v] ♦ (P ][i7 ] 4 [9*C W] 4 tv 'u '] )d p /g  5-4
where square brackets indicate zonal moans and asterisks  deviations from  
the zonal means. The last three right-hand terms now represent the  
re lative angular momentum fluxes b y the mean flow, by the standing 
eddies and by the transient eddies. Employing single station data It  Is 
not possible to  estimate the standing eddy flu x  In the African region, 
b u t th is flu x  Is negligibly small at 30°S both over the hemisphere (Newell 
at a h , 1972; W ebster and C u rtin , 1974; Oort and Pelxoto, 1983) and in 
the A ustralian region (Yoshida, 1987). I t  will be assumed that the
standing eddies may be neglected in the present calculations, an as­
sumption consistent with the results of Webster snd Curtin  (1975) for 
southern A frica . Comparisons between the zonally-averrged and the 
Bloemfontein results may be made by contrasting the la tte r as zonal means 
against the former.
Momentum fluxes have also been calculated fo r each type of system, A 
'no ra in1 category has also been included in the analysis. Days were 
included in th is la tter category whenever there was no recorded rainfall 
over the western Orange Free State irrespective o f any rain th a t may 
have fallen over other parts of the subcontinent. Data fo r days on which 
satellite images were missing have been excluded from the analyses. Data 
have been grouped into 'ra in ' and 'no rain' categories and these dis­
tributions harmonically analysed,
Given I subsets each containing ny events within the data set of N  events 
then the terms of Equation 5-4 may be decomposed as;
v  = (1//V)ZnjVj 5-5
vu -  (1 //V , )(£nyav/0 / * tO-Syyln^v^.Gy) 5-6
7 ?  = ( 1 / jV ) l f t , 7 ^ .  5-7
Note that in Equation 5-7 deviations are calculated from the In teg ra l means
rather than from the means fo r each system. In the identity fo r the 
circulation f lu x , 9 0 , two terms are required fo r  th e  decomposition. The 
f irs t  term represents th e  circulation flu x  associated with each system 
calculated independently of the integral mean while the second Is the sum 
of the cross products of the means fo r each system. In most months the 
magnitude of the second term  Is la rg er than, th at of the f irs t  b u t within  
the framework o f the decomposition the cross-product term has no d irect 
physical in terp re ta tio n .
ANNUAL CYCLE OF THE MOMENTUM FLUXES
The seasonal cycle of the zonal wind at Bloemfontein is dominated 
throughout the surface to 100 mb layer by the f irs t  harmonic (F ig , 4 -5 a ). 
Hence the relative angular momentum (F ig . 5 - la )  also follows a simple 
seasonal cycle with a minimum in February and maximum in Ju ly, an 
equivalent result to that obtained fo r the zonal mean at 30*5 from  
International Geophysical Year data (van  Loon, 1965'. Reductions in 
relative angular momentum are refe rred  to as spindown, defined by
( 3M /3t )  = ocos* {h /it )S ^ u d p /y . 3
Spindown is two to three times as rapid between October and February  
a& between Ju ly and October (F ig . 5 - la ) .  Spinup is achieved over five  
months on ly, the major changes occurring between March and A p ri’ and 
between June and Ju ly. The seasonal cycle of the relative angular mo­
mentum over Bloemfontein is dominated by the f irs t  harmonic with its 
maximum (minimum) in mid-August (m id-February ) (Table 5 -1 ).
The distribution of the earth angular momentum flu x , as of th e meridional 
components in the barotropic and je t-stream  zones (F ig . 4 -6 ) ,  is modu­
lated on a six-month cycle (F ig . 5 - lb )  with maximum values of the 
poleward flu x  In the high seasons. The second harmonic accounts fo r  
78 per cent of the variance of the flu x  d istribution with peak poleward 
transports In m id-February and mid-August (Table 5 1 ) .  Maxims In the 
six-month cycUj of the poleward fluxes occur contemporaneously with the  
turn .flg  points of the annual re lative angular momentum cycle.
Signs of the circulation flu x  are determined by v but magnitudes are 
controlled by both u and f , Accordingly maxima of vu are located in 
the j«it-stream zone (F ig . 5 -2 ) at levels in which the six-month cycle of 
7  is most clearly defined. Maximum fluxes occur above 200 mb when the 
flow is directed equatorw ard, but the level of the maximum polew ird  flux  
varies between the w inter (150 to 100 mb) and summer (200 mb) seasons. 
These level changes are associated with the equivalent variations in the 
level o f the zonal component maximum following the latitudinal displace-
Figure 5 -1 . Mean monthly values of a )  the vertica lly -in tegrated  
r0la tlve  angular momentum and splndown and of £>) the earth  
angular momentum and the circulation and transient re lative an­
g ular mormntum fluxes. Abscissa in  b )  In Hadley Units (1 0 l> 
kg mi s - 1) .  M ultip ly abscissa In  b ) b y 10 fo r earth angular mo­
mentum f lu x , F igures In  the lower p a rt of b ) give the absolute 
r a th  of the transient to the circulation re lative angular momentum 
f lu x , Polewara fluxes are  positive.
ments o f the subtropical je t stream (see Appendix D ) . Peak values of 
the poleward flu x  are only one th ird  of those of the equatorward flu x  
except at and above 150 mb in Ju ly . Below 400 mb the circulation flux  
>s generally of comparatively small magnitude and is always (except at 
530 mb in the early -alnfall season months) directed poleward. A peak 
develops In the flux in the boundary and barotroptc zones in the second 
h alf of the year with maxima in August and September In association with
the stronger zonal winds of these months (c f . Fig. 4 -5 a ). Seasonal flux 
variations are dominated by the annual cycle In the boundary and lower 
barotroplc zones with maximum poleward fluxes in September or October 
(F igs. 5-3a and b ) .  Above 600 mb the second harmonic explains in excess 
o f 50 per cent of the variance at most levels with maxima in the iate
Table 5 -1 . Details o f f irs t  and second harmonics of the momentum 
f lu xes. Amplitudes (Am p) are Hadley Units ( ID xt kg mi s - t ) .  
Column headed 'V a r' gives variance explained b y harmonic while 
that headed 'M ax' lists o p p ro x ir 'jte  date of maximum polewara 
f lu x . For second harmonics dates a re  fo r  the ra in fa ll season 
poleward maxima. In  second column an ' I '  Indicates results fo r  
In tegra l d ata, an ‘R ’ resuits fo r rain days and ’N R ' results for 
no rain days.
Annual Wave Semi-annual Wave
Amp V a r Max Amp V a r Max
Relative angular momentum -  10 d p /g .
I 65 .6 95 ,7 15 Aug 9 .0  1 .8  20 Nov
R 65.7 89 .5  10 Aug 18 .v 6 .4  12 Nov
NR 62.4 95 .6  23 Aug 4 .3  0 .5  7 Jnn
Earth angular momentum flu x  - 17  d p /g .
I 100.8 5 .7  15 Oct 373.5  77 .8  13 Feb
ft 183.1 54 .3 20 Jan 46 .8  3 .5  12 Oct
NR 200.7 24 .8  15 Aug 324.3 59 .3 10 Feb
Circulation re lative angular momentum f lu x  -  JFu d p /g .
I 4 .5  6 .2  5 Sep 14.9 69 ,0  7 Feb
R 1.5  23.1 10 Mar 1.2 14 .4 1 Jan
NR 1.8 2 .0  15 Sep 10.2 60 .6 10 Feb
T ransient re lativ e  angular momentum flu x  - fv 'u '  d p /g .
I 17.0 52.4 25 8.4 12.8
R 5.8 37 .6 5.2 29.7 5
NR 14.0 53.6 10 Jul 7 .3 14.6 23 Dec
Total re lative angular ,momentum f lu x  - /v B d p fg .
1 19.1 41.7 5 Jul 12.1 16.6 20 Jan
R 6.7 41.5 25 4 .8 21.3 10
NR 15.0 36 .5 20 Juir 12.3 24.7 25
Figure 5 -3 . Seasonal and vertica l d istribution  of the circulation  
f lu x  of re lative angular momentum at Bloemfontein. Surface 
(SU R ) Is a t  approximately 370 mb. Stippled areas denote 
equatorw ard (negative) flu xes, Units are m *s -* .
summer and w inter months. S ixty-n ine per cent of the variance o f the  
vertica l integral of the circulation flux (F ig . 5 -1b) is accounted fo r  by 
the second harmonic with peak positive ( i ,e ,  poleward) fluxes on 7 Feb­
ru ary  and 7 August, a few days prio r to those of the earth ar i r  
momentum flu x (Table 5 -1 ).
Maxima of the transient relative angular momentum flu x are also located 
in the je t-stream  zone but at somewhat lower levels In w inter (around  
250 mb In Ju ly) than In summer (around 150 mb in December) (F ig . 5 -4 ).  
Th e flu x  Is nearly always directed poleward ( I .e .  positive correlation 
between the eddies of the zonal and meridional w in d s ), Only In the lowest 
layers between October and February Is the flu x  systematically directed  
equatorward; an equivalent feature Is depicted on the surface December 
to February maps of Newell et a l. (1972), More than the f irs t  two h ar­
monics are required to explain the major part of the variance of the flux  
at most levels (F igs. 5-3c and d) Only near the surface and at 150
momentum flu xes ai Bloemfontein: a) 1st. harmonic of the c ir­
culation f lu x ; b ) 2nd. harmonic of the circulation f lu x ; c ) 1s t. 
harmonic o f the transient f lu x ;  d j 2nd. harmonic of the transient 
f lu x ;  e'j 1st. harmonic o f the total f lu x ;  f )  2nd , harmonic of the 
total f lu x . Amplitudes In m2s - 1.
Figure  5 -4 . As F igure  5-2 but fo r  the transient re lative angular 
momentum flu x .
mb does the six-month cycle account for more than 20 per cent of the 
variance but the waves at these two levels are almost exactly mutually 
anti-phase. In the je t-stream  zone the maximum poleward fluxes occur 
in early June and December. Elsewhere the annual wave dominates the 
seasonal cycle with the maximum poleward flu x  in June, as is also the 
case fo r the vertica lly -in tsg rated  flu x  (F ig . 5-1c and Table 5 -1 ). Peaks 
of the six-month wave occur with those in the jet-stream  zone in early 
June and December. Amplitudes of the f irs t  two h’ rmonics are, at most 
levels, a t least double t h i  amplitudes fo r the zonal averages at 30°S 
(Newell et a / . ,  1974) and the levels of the amplitude maxima at 
Bloemfontein and over the hemisphere corresponded closely. The range 
of values of the flu x  at 200 mb at Bloemfontein is markedly g reater than 
that at 30°S deduced by Webster and Curtin  (19v . Phase angles of the  
annual and of the boundary zone semi-annual waves at Bloemfontein agree 
to within about one month w ith  those fo r th e  zonal mean b u t in the  
barotroplc and je t-stream  zones the semi-annual wave at Bloemfontein Is 
anti-phase to th at of the zonal mean.
F igure 5~S. As Figure 5-2 but fo r the total re lative  angular mo­
mentum f lu x .
,t) most months at most levels the magnitude of the transient is g reater 
than th at o f the circulation flux but the absolute value of the ratio of 
♦he former to the la tter rare ly  exceeds two (F ig s. 5 - lb ,  5-2 and 5 -4 ). 
N either component is dominant, th erefore , in the determination of the 
total relative angular momentum flu x (F ig . 5 -5 ) .  Like the transient flu x  
the total flu x  is, in general, d irected p o levard. Regions of equatorward 
fluxes occur p rim arily in the je t-stream  zone in A p ril, August and Oc­
tober. The phases of the f irs t  and second harmonics of the flu x  (Figs. 
5-3e and f )  arc compromises between those of the equivalent harmonics 
fo r the transient and circulation fluxes (F ig s, 5-3«s to d ) . The f irs t 
harmonic explains in excess of 70 per cent of the variance of the flux  
at most levels in the boundary and barctropie zones with maxima in 
w in ter. A peak in the amplitude of the six-month wave Is located at 150 
mb with maxima in early January and Ju ly, In the harmonics of the 
vertica lly -in teg rated  flu x  poleward maxima on the annual and six-month 
waves occur In early July and in late January and lata July respectively 
(Tab le 5 -1 ).
MOMENTUM TRANSPORT BY SYNOPTIC SYSTEMS
Distributions of the vertica lly -in tegrated  relative angular momentum as­
sociated with each typ e of synoptic systirn follow that of the integral 
relative angular momentum (F ig . 5 -6 ). Minimum values generally occur 
in February but in January fo r the truncated and the east coast troughs 
and in March fo r the no rain days. Monthly maximum values are normally 
associated with the systems which develop in conjunction with westerly 
waves, the truncated  and tropical-tem perate troughs and the east coast 
troughs. Inversely minimum values and therefore strongest easterly 
components are associated with the prim arily tropical systems, the west 
coast troughs and the subtropical cyclones. On no rain days the relative 
angular momentum is grea ter than the integral value in August to October 
and in December to February. In most months the mean relative angular 
momentum varies by less than a factor of two across the systems.
Eartn angular momentum is transported poleward on rain days and 
equatorward on no rain days in all months except th at in Ju ly , August 
and September the no rain flu x  is poleward (F ig . 5 -7 b ), D uring the 
transitional seasons magnitudes of the rain and no rain fluxes are similar 
such that the net flu x  Is close to zero (F ig . 5 -1 b ). In the Ju ly to 
September period both fluxes are poleward while in summer the rain day 
flu x  is dominant and thus in these two periods the net flux is poleward. 
Th e second harmonic accounts fo r 59 per cent of the variance of the no 
rain flu x  with a phase angle and an amplitude close to that of the integral 
f lu x  (Table 5 -1 ). No equivalent wave is present in the rain day f lu x ,  
the variance of which is dominated by the f irs t  harmonic with the maximum 
in m id-January. Six-month cycles appear to be present in the seasonal 
cycles (F ig . 5-7a) fo r the coastal depressions and the unclassified sys­
tems in addition to of the no rain days, For the remaining systems in­
spection of Figure 5-7a suggests that the fluxes follow prim arily annual 
cycles. Minima occur in December fo r the truncated troughs, In January 
fo r the tropical-tem perate troughs and the subtropical cyclones, in Feb­
ru ary  fo r the west coast troughs and In March fo r the east coast troughs. 
Strongest poleward fluxes are supplied by the three types of systems 
associated with cloud bands in most months. Th e other classified rainfall
<Figure 5 -6 . M onthly mean values of the vertica lly -in teg rated  
re lative angular momentum of the synoptic systems.
systems also transport earth angular momentum poleward in all months 
except October and November fo r the coastal depressions, March fo r the 
east coast troughs and, possibly, January fo r the subtropical cyclones. 
Earth angular momentum fluxes associated with the unclassified systems 
are equatorward except in the months May to August.
W eightir- .he fluxes of Figure 5-7a by the frequency of each type of 
system (uv,nation 5*5) produces estimates of the contribution of each 
system towards the integral f lu x  (F ig . 5 -7 b ) . D uring the rainfall season 
the major parts of the poleward and equatorward fluxes are carried on 
the tropical-tem perate troughs and the no rain days respectively. 
Tropical-tem perate troughs are the only system fo r which the meridional 
wind remains poleward at all levels in the months October to March 
(Harangozo, 1986). Th e net flu x  contributed by the tropical-tem perate 
troughs remains quasi-constant despite the inter-m onth changes In the
*
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Figure  5 -7 . M onthly mean 
values of the
vertica lly -in teg rated  flu x  
of earth angular momen­
tum b y each type o f sys­
tem: a )  mean flu x  fo r  
each system: b )  co n trib ­
ution of system fluxes to 
total f lu x . Units along 
abscissa are Hadley Units 
( 1 0 "  kg ml s - * h
frequency of the troughs (F ig . 3 -4 ) .  Fluxes contributed by the re ­
maining ra infa ll systems are . In general, small by comparison. D uring  
the w in ter months the east coast troughs and the unclassified systems, 
in addition to the no rain days, provide a sizeable proportion of the flu x .
Fig u re  5 -8 . As Figure 
S-7 but fo r circulation  
f lu xe s . In  fa) fluxes fo r  
only certain systems ore 
shown - those for the 
remaining systems are 
negligible.
The semi-annual cycle Is dominant in the d istribution  of th e  no rain c ir­
culation f lu x  with poleward maxima in m id-February and August (F ig . 
5-8b  and Table 5 -1 ) .  Momentum is transported poleward on rain days 
In all months except October. Th e la tter flu x  Is o f insufficient magnitude 
to  o ffset the equatorward flu x  on the no rain days such th a t the net flu x  
is equatorward In the transitional seasons (F ig . 5 - lb ) .  No particu lar
harmonic of the rain day circulation flu x  distribution is dominant (Table 
5 - ! ) .  Seasonal cycles o f the fluxes for the individual systems (F ig . 5-8a) 
are similar to the corresponding earth angular r.iomentum fluxes and the  
tropical-tem perate troughs and the no rain days are the major individual 
contributors to the flu x  (F ig . 5 -8 b ). The larger portion of the total flu x  
comes, however, from the cross-product terms of Equation 5 -6  in most 
months but it  may be demonstrated th at the major contributions to these 
terms comes from the more freq u en t systems. Tropical-tem perate troughs 
and no rain days, as "or the eartr angular nomentum f lu x , therefore  
provide the bu lk o f ths circulation flu x  during the rainfall season months
From May to September the transient relative angular momentum flu x  on 
no rain days, which is directed poleward throughout the year, is mark­
edly greater than that on rain days (F ig . 5 -9b ). D uring the rainfall 
season the magnitudes of the two fluxes are comparable (except In De­
cember) and th at on the rain days exceeds th at on the no rain days from 
February to A p ril. Rain day fluxes are also always oo'eward except in 
August and December and are higher in the f irs t  than in the second half 
of the year. F ifty -fo u r per cent of the variance is explained by the 
annual wave of the no rain transient flux with a maximum in Ju ly b u t for 
the rain flu x  the annual and semi-annual waves are of similar amplitudes 
(Tab le 5~1). This la tter semi-annual cycle, with May and November 
maxima at the time of the peak Ferrel Circulation, is almost exactly 
anti-phase  to the corresponding wave of the circulation flu x  on the no 
rain days. Further the amplitudes of the harmonics are similar such that 
the circulation flu x  on no rain days tends to counterbalance the transient 
flu x  on rain days. In the transitional months these two fluxes are closely 
opposed (F ig s. 5-8b and 5 -9 b ). Both semi-annual waves are o f sufficient 
amplitude to appear in the cycles of the total relative angular momentum 
fluxes on both rain and no rain days (Table b -1 ) . Average monthly 
transient fluxes supplied by each system (calculated from Equation 3-7) 
are poleward In most months (F ig . 5 -9 a ). No particular rain system 
makes a dominant contribution to the net flux although the 
tropical-tem perate troughs account fo r the g reater part of the poleward 
flu x  in the transitional seasons (F ig . 5 -9 b ). Only the tropical-tem perate  
troughs amongst the rainfall systems transport the transient flux  
poleward In all months. Inspection of Figure 5-9a suggests th at the 
semi-annual cycle of the rain flu x  Is present In the distributions fo r at
F igure 5 -9 . As Figure 5-7 
b u t fo r transient re lative  
angular momentum fluxes.
least the tropical-tem perate troughs and the coastal depressions and that 
that o f the coastal depressions Is anti-phase to th at of the integral rain
1
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DISCUSSION
Theories of the global atmospheric momentum budget state th at westerly 
angular momentum is tran sferred  from th e  earth to  the atmosphere in the 
region of the tropical easterlies and is lifted  into the upper atmosphere 
through the toroidal circulation and through vertical mixing of momentum 
In regions o f active convection. Except in a limited latitudinal zone on 
either side of the equator the toroidal terms of Equation 5 -4  play no 
significant role In the latitudinal tran spo rt of momentum on the 
hemispheric scale; the flu x  of earth angular momentum is identically zero 
through conservation of mass wi+hin a zone on suitable time scales, i.e .
while most available observational evidence suggests th a t th e relative  
angular momentum flu x b y the mean Vow is small compared to th at by the 
transients (Newell, e 1 a ! . ,  1972; Webster and C u rtin , 1974; Oort and
Peixoto, 1983}, Transients are consequently prim arily responsible for
transporting  the required flu x  across the subtropics whence vertical 
eddies and the toroidal circulations of the Hadley and Ferre! Cells 
tran s fe r the momentum back to the lower atmosphere from where it  is 
returned to the earth through surface stresses in th e  w esterly wind belt. 
A problem with the observational confirmation of the neglig ib ility of the
circulation flux lies in the accurate estimation of [v ] in the Southern
Hemisphere, th e  value of which has normally been deduced in d irectly from 
global mass and momentum budget requirements (Gilman, 1965; Newell et 
a ! . ,  1972; Oort and Peixoto, 1983). D irect calculations from Eulerian 
observations have indicated th at at 30°S the magnitude of the circulation  
f lu x  may be non-negllgible (O o rt, 1978; Houghton and C herv in , 1982) 
but the result Is thought to  originate In the p-'> spatial d istribution of 
data fo r the hemisphere,
Bloemfontein lies close to  30eS, the la titude a t  which th e  zonal mean 
boundary between the Hadley and Ferrel Cells roughly lies (Newell et 
o L , 1972). A t th is latitude the transient flu x  dominates the total 
hemispheric f lu x  b u t the circulation o ver Bloemfontein d iffers markedly 
from th at of the longitudinal mean as a result of the diverse continental
1
' [V )d p  = 0 5-9
i
and maritime controls on the meridional flow. Conservation of mass within 
a zone, as expressed by Equation 5 -9 , does not hold et this single station 
p artly  because of the pers istent poleward d r if t  In the boundary zone, 
Only in A p ril, May and November does the vertica l integral of the 
Meridional velocity approximate to zero (F ig , 5 - lb ) . In most months the 
Integral is positive such th at th ere  is a systematic poleward mass flux  
throughout the year except in May. Accordingly the toroidal terms make 
considerably more important contributions to the meridional flu x  of mo­
mentum across the central In te rio r of South A frica than to ‘he net flux  
across tke  hemisphere. In eleven months the absolute flu x  is dominated 
by the poleward flu x  of earth angular momentum; only in May do eddies 
make th e  major contribution offsetting the equatorward earth angular 
momentum f lu x . The absolute flu x  is, there fore , modulated prim arily on 
the six-month ra ther than on the annual wave of the circulation.
The poleward earth angular momentum flu x  across Bloemfontein must be 
counterbalanced by an equivalent equatorward flux elsewhere In the same 
latitudinal zone. The major non-ca.-.uelling fluxes required to balance the 
budget on the hemispheric scale come from the transports of relative 
angular momentum which are modulated prim arily on the annual cycle 
(F ig . 5 -3  and Table 5 -1 ) .  By simple averaging of the monthly values 
the annual mean relative angular momentum flu x ma> Us estimated at 28.6  
HU (HU  s Hadley Units a 101* kg m1s -1) resulting from contributions of 
25.6 HU from the transient flu x  and only 3 .0  HU from the circulation flu x . 
On an annual basis, th ere fo re , the transients dominate the f lu x , a result 
consistent with th a t obtained fo r the zonal average. The re latively small 
contribution of the circulation f lu x , however, results from the nullifying  
effect o f circulation changes moi,^/oted on the six-month cycle and not 
from any presumed small magnitude of the circulation as compared to  the 
transient flu x  (th e mean circulation flux calculated without regard  to sign 
Is 10 .9 H U ). In a study of the flu x  a t  two stations in the vic in ity  of 
30°S In the New Zealand region Priestley (1951) estimated the circulation  
flu x  to  be roughly one half of the transient flu x  across the year. The 
upper-tropospheric circulation flux over South America a t3 0 °S  is greater 
than the transient flu x  (V ir j i ,  ISP1 ' A lternatively the circulation flux  
is negligible over Australia ( v  57 ). A lthough small on the
hemispheric scale c ircu ktto i. therefore Important on th e  re­
gional scale both around New Zealand on annual time scales and at 
Bloemfontein and over South America on time scales of one month.
Two reasons based on the Influence of circulation changes on the 
six-month cycle may be offered to explain why the local importance of 
th e  toroidal fluxes has not been recognised to date. In the southern 
A frican sector of the Southern Hemisphere the semi-annual wave in the 
meridional wind Is most pronounced over the central in terior of the sub- 
c itin en t, Is almost non-existent in northern Namibia and is of reverse 
phase at Gough Island. Consequently a six-month cycle of the circulation  
flu x  over o ther regions may either not be present or may be of inverse 
phase to th at over South A frica . Thus flu x variations on the cycle are 
p artia lly  spatially self-cancelling. A second reason is th a t the periods 
of averaging selected in the past have tended to conceal the six-month 
wave. In general monthly flux estimates have used data fo r the months 
of January and July only (e .g . James, 1983) while three-month seasonal 
estimates have always been calculated across groupings of December, 
January and February, etc. (e .g . Newell et o /., 1972). Inspection of 
Figure 5-1b Indicates that appropriate three-month seasons, less likely 
to suppress the six-month wave, would include the group January, 
F ebruary and March.
The annual relative angular momentum flux of 28.6 HU compares well with 
other estimates fo r th e  Southern Hemisphere (Table 5 -2 ) .  I t  should be 
noted th at d irect absolute comparisons are not necessarily valid as the 
results presented In T  ;>>e 5-2  are based on transients calculated from  
mean flows estimated a c r  •. a va rie ty  of averaging periods. Many of the 
earlier estimates indlca'viU that the inter-seasonal variation in the flux  
is small, the largest rangn being th at o f 18 HU obtained by Kidson et 
at. (1969). Over the cent -)l in terior of South A frica , by comparison, 
the poleward flu x  varies hatween 6 .5  HU In A pril when the transient and 
circulation fluxes counteract one another and 86.3 HU In July when they 
ru p p o rt each other. This enhanced 'nter-season variation may result 
from the fact th a t the earlier estimates were made from averages across 
data fo r several ra ther than for single months, More Importantly It  Is a 
consequence of the mixed continental and maritime controls on the flow 
over Bloemfontein which give rise to a g reater amplitude of the annual 
cycle of the flux compared to that fo r the zonal mean. O ver Australia
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Table 5 -2 . Estimates ( /n  some cases corrected to hemispheric 
scale) of the poleward flu x  of relative angular momentum across 
309S (36°S for Priestley's data) from the present and earlier 
studies. Units are Hadley Units ( IQ 1* kg  mzs - 1) .
DJF MAM JJA SON YEAR
Priestley 1951 33Obasi 1963a 26Yoshida 1967 28 39 40 32 38Kidson et of. 1969 25 43 34
Newell et a l. 19/2 26 31 38 33 32
Newton 1972 30 34 39 35 34
Oort and Peixoto 1983 24 33 29
Present results 25 48 22 29
the "seasonal fluxes at 30°S correspond closely with those of the zonal 
mean (Yoshlda, 1967; Newton, 1972),
Partitioning of the fluxes r  rain and no rain components reveals that 
significant differences i’ ,'Operties of the meridional circulation on
the two types of da'j In the October to March period the flow is
generally poleward on rain days and generally equatorward above 700 
mb on no rain days such th at the Hadley Circulation is dominant on the 
former and the Ferrel Circulation on the la tter types of days (Harangozo, 
1986). Consequently the associated toroidal fluxes are In opposite d i­
rection '  except in w inter when the no rain flu x  is also poleward, Phases 
and a tudes of the various cycles of the fluxes on the rain and no 
rain o . ; are such that the fluxes often counterbalance one another. 
Amplitudes of the annual cycles of the toroidal fluxes on both types of 
day, fo r example, are similar b u t phases are closely opposed such that 
the fluxes are nearly mutually car.ceiiing. Zero net fluxes would result 
were there not a persistent polew ■- J d r if t  across Bloemfontein manifest 
on the rain days. Similarly the- . i: partial compensation between the 
no rain circulation flu x  and the .;.r< transient flu x  on both the annual 
and semi-annual cycles. Cycles irv in g  amplitudes and phases which 
are not apparent from inspection I - integral fluxes alone thus combine 
to determine the forms of the tenij; . • .istributions o f the integral fluxes.
Important differences in the dc-.-.u:. periods of the modulations of the 
rain and no rain fluxes occur, la in  earth angular momentum fluxes are 
prim arily modulated on an annua: cycle; the semi-annual cycle of the in ­
tegral flux arises from appropriate changes to the equatorward no rain 
f lu x . A lternatively the transient flu x  on rain ra ther than on no rain 
days is modulated on a semi-annual cycle. D iverse sources and controls 
on the fluxes on the two types of d. "/g are signified hy these phase and 
period dissimilarities. Annual and semi-annual cycles in the rain fluxes 
are also partitioned between the fluxes fo r the various types of systems^ 
Semi-annual cycles in the toroidal fluxes are apparently present fo r the 
coastal depressions and the unclassified systems although the annual cycle 
is dominant in the net rain flu xes. The semi-annual c y c k  in th e rain  
transient flu x  appears to be the result of fluxes associated w it.i the 
tropical-tem perate troughs. For coastal depressions the semi-annual wave 
in the tran s ien t flu x  is anti-phase to th at in the flu x  on the 
tropical-tem perate troughs suggesting that the corresponding cycles of 
the structura l modes ( I .e .  the wavelength, amplitude and efficiency of 
momentum tran spo rt) of the waves accompanying these two types of 
systems are inverse to one another. Flux changes on either cycle for 
all systems may not be explained simply In terms of frequency changes 
(c f. Fig. 3 —1) and must therefore result from In ter monthly adjustments 
to  the dynamic structures o f the systems. More than SO per cent o f the 
rain earth angular momentum flu x is carried on the tropical-tem perate 
troughs during  the rainfall season and the tran s ien t flu x  on these systems 
is similarly dominant in the transitional seasons. Contributions towards 
the la tte r f lu x  are similar fo r all systems in th e  summer months. Overall 
th erefore th e  bulk of the poleward absolute flux Is associated with the 
tropical-tem perate troughs. Cycles of the rain toroidal and transient 
fluxes are thus most closely represented by those of the fluxes fo r the 
tropical-tem perato troughs. In all months the tro p ’cal-temperate trough  
transient flu x  is poleward in partial confirmation o f the inference of 
Webster and C urtin  (1975) th at the cloud bands are located In regions 
of above-average fluxes.
Strongest poleward transient fluxes are supplied In most months on the 
no rain days but the corresponding mean flow In the je t-stream  zone, at 
levels at which the bu lk of the transient flu x  Is ca rried , is anomalously 
equatorw ard. In order for the v'u ' correlation to be positive the westerly 
zonal component must also be weaker than normal on d ry  days, a fact 
confirmed fo r  most months b y  Harangozo 0 9 8 6 ) .  Thus the poleward 
transient f lu x  on d ry  days results from an equatorward transport o f a
weaker zonal component In •r.omparlson to that o f the ,'ntegro/ 
d rcv .'-jth n . Inversely poleward fluxes on rain days arise from the 
anomalous polewat d tran spo rt of an enhanced westerly zonal component. 
These conditions are typ ical of tilted  troughs (Macbta, 1949) in which 
more momentum is carried poleward on the leading edges in association 
with r t in y  conditions than equatorward on the tra ilin g  edges above d ry  
weather to produce a net poleward tran spo rt. According to Webster and 
Curtin  (1978) southern Africa Is, fo r unresolved reasons, a p referred  
region of development o f enhanced t ilt  o f w esterly waves and thus of 
increased efficiency of momentum transport.
The semi-annual cycle in the transient flu x  on rain days may arise from 
one r r  more of th ree possible causes; e ither from a corresponding v a r i­
ation in the frequency of the ra infa ll systems, all other factors remaining 
constant, or from corresponding changes in e ither or both of the corre­
lation between the zonal and meridional winds on rain days or the mag­
nitude of the zonal an d /o r meridional wind variances. No accordant 
alterations in the frequencies of the rainfall systems exist (F ig . 3 -2 ) but 
in the jet-stream  zone th ere  are seasonal changes in both the correlations 
between the wind components (46 per cent of the variance with one 
maximum In mid-December) and variations in the wind variances (F ig . 
B -2) of appropriate phases. In ter-m onthly changes in the structure of 
the waves are indicated by these results such that maxima in the ampli­
tudes of the upper-tropospheric waves and highest efficiency in the 
tran spo rt of momentum on rain days are attained In May and November. 
These are the months o f anomalous cyclonic flow over the western Indian 
Ocean and in which the South A tlantic Anticyclone, according to  McGee 
and Hasten rath (1966), is displaced eastward towards A frica on the 
six-month cycle (F ig . 4 -7 ) .  With the shifts o f the anticyclone there may 
be related changes in the wavelengths of the troughs associated with 
rainfall over the western Orange Free State such th at th e typical wave­
length is a minimum at periods of maximum amplitudes of the waves In 
May and November. Th e semi-annual cycle In tiie  flu x  is Indicative of a 
stronger baroclinic stru c tu re  of the atmosphere In the transitional than 
in the high seasons, I.e .  when the Ferrel ra th er than the Hadley C ir ­
culation Is dominant, Possible affilia ted  changes In ra infa ll patterns in ­
clude an increased spatial organisation of the storms in the transitional
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seasons than in the summer season (Sharon, 1983b) and intra-annual 
adjustments in the d iurnal rainfall cycle (Mather and Harrison, 1986).
CONCLUSIONS
Magnitudes of the meridional relative angular momentum fluxes across the 
central in terior o f South A frica are similar but the properties, of .the 
temporal d istributions of the fluxes are unlike those of the zonal means. 
The two major disparities both relate to the toroidal fluxes which make 
important contributions to the absolute flu x  across Bloemfontein but not 
to th a t across the hemisphere and which are modulated on a jemi-annual 
cycle not previously detected in fluxes at 30"S. The presence of a 
semi-annual cycle in the mean meridional flow is the source of the cycle 
in the toroidal fluxes. As a result of the permanent mean poleward flow  
in the boundar, zone th ere  is a poleward mass flu x  across Bloemfontein 
in eleven months o f the year with strongest fluxes In conjunction with 
th e  Hadley Circulations of the high seasons. Circulation fluxeis are 
equatorward in the transitional seasons. Transient fluxes remain 
poleward throughout the year and are modulated prim arily on an annual 
cycle with strongest fluxes in July.
D istributions of the fluxes on rain and no rain days and fo r the individual 
types of systems d iffe r  markedly from those of the Integral circulation. 
Toroidal fluxes fo r the rain days remain poleward throughout the year 
(except fo r the circulation flu x  in October) and are modulated on an 
annual cycle with strongest fluxes in January. During the rainfall season 
over 50 p er cent o f the earth angular momentum flu x  Is carried along the 
tropical-tem perate troughs. Fluxes on the no rain days are equatorward 
except in w inter and are modulated according to the semi-annual cycle 
of th e  meridional circulation. Transient fluxes on both rain and no raiti 
days are poleward throughout the year because of the tilted  structure  
of the westerly troughs over the subcontinent. No rain fluxes are  
modulated on an annual cycle with a w inter peak but rain fluxes are  
modulated according to both an annual and a semi-annual cycle. Peaks 
occur ir  May and in May and November respectively fo r the two cycles.
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Phases of the semi-annual cycles of the rain circulation and the no rain 
transient fluxes are closely opposed. Trans ient fluxes fo r the  
tropical-tem perate troughs appear to be modulated on the semi-annual 
cycle of the rain fluxes and make the major contribution of any typ e of 
system to the flux in the transitional seasons.
Adjustments to all components o f the flu x through the year indicate that  
changes to the dynamic structures of the various types of systems occur 
between months. In particu lar adjustments following phase changes of 
the semi-annual cycle indicate th at there is a stronger baroclfnic s tru c­
tu re  o f the atmosphere in the transitional than in the high seasons. 
Lengths of th e w esterly waves are reduced in the transitional seasons 
when the standing wave across the A tlantic Ocean is displaced eastward 
and the Ferrel Circulation is dominant in the flow across th e  central in ­
te rio r of South A frica . In summer, when the Hadley Circulation is 
dominant and the Atlantic wave is displaced westward, the ? ;ructure of 
the atmosphere is less barociinic an-1 the maximum poleward toroidal fluxes 
on rain days occur. T he atmospheric environment within which the 
various types of ra in -bearing  systems are embedded is more complex than 
revealed by earlier studies with circulation changes modulated on both 
an annual and a semi-annual cycle contributing towards the circulations 
which govern the course of the annual ra infa ll cycle.
CHAPTER 6
RAINFALL AND THE MOMENTUM BUDGET
INTRODUCTION
The diverse properties of the meridional fluxes on the rain and the no 
rain days need to be accounted for in any comprehensive model of the 
circulation controls on the annual rainfall cycle over the central in terior 
of South A frica , These properties include the opposing directions of the  
toroidal fluxes and the differences in the periods and the phases of the  
dominant modulating waves of the flux components. In this Chapter a 
basic outline fo r such a model is developed by considering the properties 
of the various dynamic mechanisms contributing towards the maintenance 
of the zonal component on both rain and no rain days. Tropical-tem perate 
troughs supply about 35  p er cent of the rainfall over the western Orange 
Free State, a contribution th at reaches 60 per cent in January and de­
termines the course of the annual rainfall cycle. Tropical-temperate  
troughs are also the most common type of rainfall system and thus the  
circulation on rain days Is regulated prim arily by that fo r the troughs. 
These troughs also account fo r the major portions of the polewsrd mo­
mentum tran spo rt during  the rainfall season whereas the equaterward  
transports by the mean circulation are effected prim arily on the no rain 
days. Thus the details of the desired model may be simplified by in ­
corporation of only the circulations associated with the tropical-tem perate  
troughs and the d ry  days.
M AINTENANCE OF THE ZONAL FLOW
T h e zonal flow at a point at any level of the atmosphere is maintained 
according to
( 3i7/9t) = - ( a /3 y ) v V  * v ((u /o )ta n »  - (a u /a y ))  ♦ vf
-  ( a / a x ) u -1 -  u (a u Z a x )  -  ( a / a z ) w V  -  iv ( a u /a z )  6-1
where the f irs t  right-hand term represents the latitudinal convergence 
of the transient momentum f lu x , the second the changes in th e  relative 
angular momentum resulting from meridional displacements of the circu­
lation associated with the mean flow and with the convergence of the  
medians and the th ird , the Coriolis to rq ue , the transformation of earth  
angular momentum to re lative angular momentum, Changes to  the zonal 
flow forced by the longitudinal transient flu x convergence and by 
advectlon of the zonal flow in a longitudinally-sheared circulation are 
described by the fourth  and fif th  • ' - ‘i.v d term s. Sim ilarly adjust­
ments to the zonal flow throug -Seal convergence of westerly
momentum and through the vertic . m of momentum in a sheared
flow are expressed by th e  sixth am. .. /a n th  term s. In the tropics the 
sixth term describes vertical mixing of momentum in cumulus towers and 
is re ferred  to as the "cumulus fric tio n 1 term . Vertica l Integration of 
Equation 6-1 yields an expression fo r th e  maintenance of the relative  
angular momentum at any location. Equation 6-1 is freq u en tly  used in 
time-mean form In which case the le ft-h an d  side reduces to  zero and only 
the mean ageostrophic meridional component appears in the Coriolis torque  
term. In  the following  th e  fu ll form of the equation will be retained to 
fac ilitate interpretation of both the seasonal cycle of the Integral zonal 
components at all levels and of the cycles fo r th e  tropical-tem perate  
troughs and the no rain days. Estimates of the magnitudes o f several 
of the terms may not be made from the present data b u t the results of 
the harmonic analyses provide a route towards the interpretation of 
Equation 6-1 at Bloemfontein.
The toroidal terms
O f the toroidal terms the Corioiis torque is generally o f g rea ter magnitude 
than the other terms in Equation 6-1 except at latitudes close to the 
Equator. W esterly momentum is generated when y is poleward, as in the 
upper branch of the Hadley Cell. Inversely westerly momentum is de­
stroyed by the Corioiis torque in the upper branch of the Ferrel Cell. 
In the boundary zone at Bloemfontein the mean meridional flow is always 
poleward (F ig . 4 -6 ) ar, thus westerly momentum is generated through  
the year. The Corioiis torque may be the prime forcing function main­
taining the zonal flow as the phases of the annual cycles of the meridional 
and zonal boundary zone components are In close correspondence (Fig. 
4 -5 ) .  Above the boundary zone the meridional wind undergoes a 
semi-annual cycle but no equivalent wave occurs in the zonal component 
(F ig . 4 -5 b ) . Nor Is one present in the zonal mean winds at 30oS (van  
Loon et o f . ,  1968). Generation or extinction of w esterly momentum 
through some of the remaining terms of Equation 6-1 must therefore  
counterbalance the semi-annual cycle in the Corioiis torque. Westerly 
momentum is generated on rain days as a result of the poleward 
upper-tropospheric flows while it is similarly destroyed in most months 
on no rain days. Maximum destruction on no rain days occurs in May 
and November and in these months the relative angular momentum on no 
rain days is weaker than on rain days (F ig . 5 -6 ) .  In February and 
August when the no rain torque is either weak o r , in the la tter month, 
generates w esterly momentum, the relative angular momentum on no rain 
days is higher than on rain days.
Latitudinal tran s ien t flu x  convergence
In  general the latitudinal tran s ien t momentum convergence is of similar 
magnitude to but opposes the action of the Corioiis torque (Newell et 
a l . ,  1972). I t  is plausible therefore that the convergence might undergo 
a six-month oscillation of appropriate magnitude and phase \o  offset the 
generation or annihilation tl.rough the Corioiis torque, I t  is not possible
to d irectly  test th is supposition at Bloemfontein with the present data 
but evidence exists to suggest that it  may be valid . Poleward transient 
fluxes at 500 mb south of 30°S followed a quasi-six-m onth oscillation 
during the International Geophysical Year with maxima In March and 
August b u t a t 30®S, as at Bloemfontein itse lf, the annual cycle was 
dominant (Newton, 1972). Equivalent results at temperate latitudes were 
obtained from the GHOST data as well as indications th a t the latitudinal 
convergence of the transient flux and the Coriolis torque tended to op­
pose one another on six-month cycles on the hemispheric scale (SoSot and 
A ngell, 1969, 1973; Angell, 1972). There are no comparable results for 
the subtropics but the semi-annual cycle in the transient flu x  on rain 
days may Indicate that an equivalent cycle is present in the flu x  con­
vergence. No semi-annual cycle occurs in the re lative angular momentum 
on no rain days (Table 5-1 ) and thus a six-month cycle of generation  
of w esterly momentum by transient flu x  convergence may counterbalance 
the destruction by the Coriolis torque. A weak six-month wave is, 
however, present in the re lative angular momentum on rain days with  
westerly maxima closely contemporaneous with the equivalent poleward 
maxima of the transient f lu x . Generation through the convergence term  
may there fo re  undergo a semi-annual cycle on rain days in phase with 
the cycle in th e  poleward transient flu x .
Longitudinal tran spo rt and tran s ien t flu x  convergence
According to James (1983) the longitudinal terms may be of sufficient 
magnitude to make an important contribution to the maintenance of the 
zonal flow . Only at around 150 mb does the second harmonic explain  
mo-e than 10 per cent of the variance of u '2 (F ig , B -2 b ), the cycle of 
which Is dominated by the annual wave. In view of th's fact and of the  
absence of a large-amplitude second harmonic In the local or global zonal 
winds It  seems reasonable to conclude th at generation through the tra n ­
sient convergence and the longitudinal transport of momentum follows a 
predominant annual cycle.
<FS
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The mountain torque
T h e zonal mean meridional flu x  at a given latitude is balanced by the 
stresses ( I .e .  the surface and mountain torques) to e ither side of that 
latitude (Newell et a l . ,  1972). No similar balance between the stresses 
and the flu x  may necessarily be expected on scales below the hemispheric 
b ut it  will be assumed in the following th a t the meridional fluxes observed 
at Bloemfontein may be in terpreted  in terms of stresses in the southern 
African sector o f the hemisphere alone, Thus adjustments to the atmo­
spheric westerly momentum from convergence of momentum into the region 
will be neglected below. The mountain torque exerted by the raised 
African plateau on the atmosphere Is of comparable magnitude to that 
associated with the Souti America uplands and is thus a major component 
of the hemispheric net torque (Newton, 1972). The surface pressure 
gradient across the plateau, as represented by Durban and Alexander 
Bay monthly mean 1000 mb pressure heights, is positive in seven months 
of the year (F ig . 6 -1 a ). The gradient as estimated from differences in 
850 mb heights or from the vertical integral of the torque to the 850 mb 
level is also positive In most months, The mountain torque of the plateau 
thus generates (when the gradient is positive) or destroys atmospheric 
w esterly momentum according to  the period of the year. There are 
marked semi-annual cycles in th e mountain torque (Table 6-1 ) despite the
Table 6 -1 . Details of f irs t  and second harmonics of the mountofn 
torque between Durban and Alexander B ay. Amplitudes {Amp) 
are In  metres {see text fo r d eta ils ). Column headed 'V a r' gives 
variance explained b y harmonic while that headed 'Max' lists ap­
proximate dates of maximum tran sfer of westerly momentum Into 
atmosphere. For second harmonics dotes are fo r ra in fa ll season 
maxima.
Annual Wave Semi-annual Wave
Amp V a r Max Amp V a r Max
1000 mb 
850 mb 
1000-850 mb
0.81 53 .5  30 Mar 0 .39  12.4 22 Mar
0.54 42 .9  5 May 0.38 20 .3 1 Mar
0 .43  30 .9  7 Sep 0.34 19.9 14 Jan
—  y
Figure 6 -1 .  o) Mountain torque across South A fr ica  as repres­
ented b y  standard level height differences (m etres) a t 1000 and 
850 mb between Durban and A lexander B ay; b )  Monthly mean 850 
mb height gradients between D urban and A lexander Bay fo r rain  
(soild lin e ) and no ra in  (dotted  iln e ) days In  the western Orange 
Free State adapted from Harangozo (1986 ).
fact th at the second harmonic makes an insignificant contribution towards 
the 1000 and 850 mb height distributions at both stations, Phase angles 
of the semi-annual cycles In the gradients are such th at the peak tran sfer  
of westerly momentum Into the atmosphere occurs at around the same times 
as the maxima of th e  poleward flows (o f. Table 5 -1 ) and of anomalous
anticyclonic flow across the western Indian Ocean (F ig . 4 -7 ) ,  No pre-  
ius indicators of a semi-annual wave in , or even of a possible change 
In direction of, the mountain torque of the African plateau at 30aS 
ha . jeen obh ln ad  (e .g . Newton, 1971/ although the results of Wei and 
Schaau'< (1984) indicate th a t the African torque at 15°S reverses sea­
sonally, T he sign o f the total mountain torque of the Southern Hemi­
sphere does, however, va ry  during  the year (Newton, 1971; Newell et 
o /. ,  1972; Wei and Schaak, 1984; Wahr and O ort, 1984), Throughout the 
months October to March the height gradient between Durban and 
A lexander Say at 850 mb is positive on rain days but it  is negative on 
no rain days in December and January (F ig . 6 - lb ) . W esterly momentum 
is th erefore tran sferred  to the atmosphere except in December and Jan­
uary on no rain days. In all six months except March the gradient, and 
hence the tran sfer to the atmosphere, is stronger on the rain days.
Surface stresses
Relative angular momentum is generated and destroyed through stresses 
between the surface and the easterly winds in the tropics (and polar 
regions) and the westerly winds in the temperate latitudes respectively. 
T h e fact th»t the flu x  by the mean flow in addition to  the mountain torque 
at 30°S follow six-month waves suggests th at the surface stresses in the 
regions where the momentum is tran s fe rre d  from and to the planet should 
also undergo six-month cycles. To be in phase with the cycle of the 
toroidal fluxes maximum generation and strongest easterly winds shou. i 
occur In February and August together with strongest westerly winds in 
temperate la titudes, hi the oceanic sector 60 to 120°E the cycle of the 
surface tropical zonal winds is dominated by the annual wave but at 15 
to 25°3 the second harmonic explains about 10 per cent of the variance 
with maximum easterlies in February and August (van Loon and Jenne, 
1970b). O ver southern A frica both the phase of and the variance ex­
plained by the harmonics of the zonal components are variable. At Maputo 
the second harmonic of the 350 mb zonal wind distribution Is dominant 
with maximum easterlies in February and August but at Harare and
manticyclonic flow across the western Indian Ocean (F ig . 4 -7 ) .  No pre­
vious indicators o f a semi-annual wave in , or even of a possible change 
In the direction o f, the mountain torque of the African plateau at 30°S 
have been obtained (e .g . Newton, 1971) although the results of Wei and 
Schaack (1984) indicate th at the African torque at 153S reverses sea­
sonally, T he sign of the total mountain torque of the Southern Hemi­
sphere does, however, vary  during the year (Newton, 1971; Newell et 
a ! . ,  1972; Wei and Schaak, 1984; Wahr and O ort, 1984). Throughout the 
months October to March the height gradient between Durban and 
A lexander Bay at 850 mb is positive on rain days but it Is negative on 
n-> rain days in December and January (F ig . 6 - lb ) .  Westerly momentum 
is therefore tran sferred  to the atmosphere except In December and Jan­
u ary on no rain days. In ail six months except March the grad ient, and 
hence the tran sfer to the atmosphere, is stronger on the rain dsys.
Surface stresses
Relative angular momentum is generated and destroyed through stresses 
between the surface and the easterly winds in the tropics (and polar 
regions) and the w esterly winds in the temperate latitudes respectively. 
The fact th at the flu x  by the mean flow in addition to the mountain torque 
at 30®S follow six-month waves suggests th a t the surface stresses in the 
regions where the momentum is transferred  from and to the planet should 
alav undergo six-month cycles. To be in phase with the cycle of the 
toroidal fluxes maximum generation and strongest easterly winds should 
occur in February and August together with strongest westerly winds In 
temperate latitudes, In the oceanic sector 60 to 120°E the cycle of the 
surface tropical zonal winds is dominated by the annual wave but at 15 
to 25°S the second harmonic explains about 10 per cent of the variance 
with maximum easterlies In February and August (van Loon and Jenne, 
1970b), O ver southern A frica both the phase of and the variance ex­
plained by the harmonics of the zonal components are variable. At Maputo 
th e  second harmonic of the 850 mb zonal wind distribution Is dominant 
w ith  maximum easterl1 -• In February and August but at Harare and
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Figure 6 -2 . Dates o f ^ (summer) maxima of the annual (u pp er  
values) and semi-annual f/ower values) 850 mb . •'nal component 
waves at sele. :ed southern A frican  stations. Figures give am­
plitudes of waves In  m s -1 and, In brackets , explained variances.
Luanda the phase is reversed (F ig , 6 -2 ) .  A t Bulawayo, Pretoria and at 
Bloemfontein itself the phase is consistent with th a t over the Indian  
Ocean, To the south of A frica 50 p er cent of the variance o f the surface 
zonal component distribution at 50°S is explained by the second harmonic 
with maximum westerlies in February and August (" an Loon and Jenne, 
1970a). I t  may be In ferred  th at relative angular momentum as transported  
across the central in terior of South A frica is generated at about 20°S over 
the eastern parts of the subcontinent represented by Maputo, Bulawayo 
and Pretoria and is returned to the planet a t about 50®S. Maxima In the 
zonal mean surface stresses occur at these latitudes (Newell e t a ! .,  
1972; Wahr and Oort, 1984) which are located within the Southern Hemi­
sphere source and sink regions of relative angular momentum In the De­
cember to  February period (F ig , 6 -3 ) .  Th e dominant cyclone track over 
th e  Indian Ocean lies at the latitudes In which momentum Is returned to 
th e  planet (Tr-enberth, 1982).
I l l
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F igure  6 -3 . Streamlines of the non-atvergent component o f zonal 
mean transport of re lative angular momentum In  December to 
February (adapted from Oort and Pelxoto, 7953). Stippling  
marks the A ntarctic continent. Units are Hadley Units (?011 kg
Rainfall systems associated with net poleward momentum fluxes in tilted  
troughs may only exist provided there is generation o r convergence of 
westerly momentum equatorward of the trough. Should generation 
through stresses at 20®S be of importance to the budget, as assumed In 
the preceding, then rainfall systems such as the tropical-temperate 
troughs must be accompanied by strengthened surface easterly flow 
northward of the western Orange Free State, Evidence that the annual 
mean easterly surface component over Zimbabwe and northern Namibia is 
stronger In wet than In d ry  years over South A frica (Tyson, 1984) 
supports the contention th a t westerly momentum generated through su r­
face stresses at 20°S Is an important component of the poleward flu x  
across the South African plateau on rain days.
Vertical fluxes
Vertica l fluxes, which tran s fe r momentum between the surface sourres 
and -in ks and the upper-tropospheric region of maxima in the meridional 
tran spo rt, are d ifficu lt to estimate. According to Newell et at. (1974) 
the mean vertical motion over South A frica at 5013 mb is downwards 
through the year but estimates of the topographically-forced low-level 
motion indicate that It  is upwards in the high seasons (Vianello, 1985). 
Thus the direction of the mean flu x  is presently not known. Mean surface 
winds at Bloemfontein in all months both fo r the integral circulation and 
fo r each system (Harangozo, 1986) are w esterly, indicating th at the South 
African plateau is a sink region of atmospheric westerly momentum. 
Overall momentum is transported downwards, th ere fo re , by all systems. 
Th e flu x  may not necessarily, however, be downwards on all days. 
Surface easterlies occur throughout the year but are more common in 
summer than in w inter and d uring  the n ight than during the day, being 
dispersed in the la tter period by downward mixing of w esterly momentum. 
The layer of easterlies may extend, particu larly during  the summer 
months, to the 500 mb level or beyond. Deep easterly flows are normally 
associated with rainfall and with generation of atmospheric w esterly mo­
mentum through surface stresses and the mountain torque. The«e flows 
may therefore be associated with upward momentum transport.
The partitioning of the vertical flu x  at Bloemfontein into the mean -and 
transient components has not been determined b u t may be temporally 
dependent. I t  Is suggested in Appendix I that both the mean vertical 
motion and th e transient flu x  convergence may be modulated on 
semi-annual cycles of opposing phase with the mean motion anomalously 
upwards in the high seasons. Should this postulate be valid then there  
Is anomalous upwards tran spo rt through th e  mean flow in the high seasons 
In periods of the dominant Hadley Circulation and through the flu x  con­
vergence In the transitional seasons when the barocliniclty of the atmos­
phere reaches a maximum.
TROPICAL-TEMPERATE TROUGHS AND POLEWARD MOMENTUM FLUXES
Based on the preceding discussion it may be inferred that the major mode 
of the circulation associated with poleward momentum transport across 
South A frica is one in which westerly momentum is generated through  
surface stresses in an easterly flow and vertical lifting  of the momentum 
is achieved through e ith e r the mean vertical motion or cumulus friction  
at 20°S p rio r to poleward export and final destruction at about 50*5. 
The mountain torque also contributes towards the total generation but 
the latitude of lifting  of this momentum has not been determined. No 
detailed studies of the circulation at 20*5 have been undertaken but it 
is possible using available data to deduce some of the details of the 
mechanisms controlling th e  momentum budget of the region.
Tropical-tem perate troughs are th e  major typ e of system achieving the 
tran spo rt of momentum poleward across southern A frica . 
Tropical-tem perate troughs appear to be invariab ly linked through a 
tropical low at about 20*5 with the tropical cloud masses over central 
southern A frica (Harangoze and Harrison, 1983), a fact confirmed by 
inspection of both satellite images and surface synoptic charts during the 
development of the catalogue of circulation types. Cumulus friction within  
the cloud masses may supply a proportion of the required vertical flu x  
at 20 *5 . Circulation controls on the formation of the lows are therefore  
equivalent to those regulating the momentum budget at 20*5 .
No studies of the dynamics of the lows have been pursued but some in­
sight into the conditions required fo r th e ir formation may be obtained 
through analogy with results fo r equivalent systems elsewhere in the 
w orld. D uring the northern summer there Is a quasi-continuous train  
of westward-propagating easterly waves across the Sahel at around 15®N. 
The waves provide a high proportion of the rainfall over the Sahelian 
zone (Newell and Kidson, 1984). Certain consistent dynamic character­
istics of the waves have been recognised on the basis of results from a 
number of p ertinent studies (Burpee, 1972, 1974; Pedgley and
K rishnam urtl, 1976; Rennick, 1976; Reed et a / . ,  1977; Norqulst et c / . ,  
1977). These characteristics Include a low-level cold core, a 
m id-tropospheric warm core and upper-tropospheric cold core and de-
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velopment of the waves in the vicin ity of the easterly je t a t 650 mb,
Instab ility of the internal je t (change in the sign of the meridional g ra­
dient of the potential vortic ity  - Charney and S tern, 1962) and barotroplc 
instab ility (change in the sign of the meridional grad ient of the absolute 
v o rtic ity ) are both present and the wave energy Is derived from both 
the horizontal and vertica l shears of the basic cu rren t. It  has been 
suggested that adjustments in the easterly vertical shear and hence in 
attendant variations in the conditions suitable fo r the production of 
easterly waves may account fo r the ra infa ll fluctuations over th e  Sahelian 
zone as based on observations of a stronger 200 mb flow in the wet 
summer of 1969 as compared to in the drought summer of 1972 (Kanamitsu 
and K rishnam urti, 1978). Not only are the rainfall and the strength of 
the easterly flow at 200 mb in the region of 15eN d irectly related however 
(Kidson, 1977) b u t the rainfall is in d irectly related to the strength of 
the low-level je t. Thus in d ry  periods there is a net Increase in the  
vertical shear (Newell and Kidson, 1984) such th at increased wave energy 
is available despite the weakened upper-tropospheric easterly flow.
Of the characteristics of the w et-period flow over the Sahel two appear 
to have fa ir ly  general applicability in the tropics of the Eastern Hemi­
sphere, namely th e  upper-level easterly flow and the presence of 
barotroplc instab ility. Higher rainfall totals are accompanied by 
strengthening of the 200 mb easterly flow fo r both the Indian (Kobayashi,
1974; Kanamitsu and Krishnam urti, 1978; T anaka, 1982) and the w inter 
monsoon (Tanaka, 1981; McBride, 1983) and over Venezuela- (Riehl,
1977a). The d irect association between tropical convection and easterly 
flow at 200 mb over the Eastern Hemisphere has been demonstrated by 
Webster (1983). The direction of the flow reverses in the Western 
Hemisphere' where westerlies cover the convection over the Amazon Basin.
I t  will be assumed that tropical lows over southern A frica form only with  
an upper-level easterly zonal cu rren t (th e mean summer zonal flow at 200 
mb and 20°S is w esterly - Figure 8 -4 ) ,  an assumption consistent with the 
analyses of Llndesay (1986). By the ve ry  nature of the circulation 
around the low an easterly surface flow and hence generation of momentum 
must also be present, Barotroplc Instability o f the flow is the funda­
mental mechanism responsible fo r tho formation of the Sahelian waves 
(M ak, 1983) and is of major importance to the development of Indian 
monsoon depressions (Satyan e t  a ! . ,  1981; Goswaml e t c / . ,  1981; Llndzen
IFigure  5 -4 . Mean January to March zona! wind components 
(m s-1) along the 30aE meridian from the equator to 50°S fo r the 
period 1958 to 1983 after Llndesay (1986). W esterly flows are  
positive.
et a ! .,  1983) and of tropical disturbances over the central Pacific Ocean 
(N itta  and Yanai, 1969) and over northeastern Brazil (Rao, Marques and 
Bonattl, 1984). Few data are available to test the degree of instability  
of the summer mean flow over A frica at 20°S but inspection o f mean 
January to March zonal wind data fo r the period 1958 to 1983 along the 
30®E meridian (F ig , 6-4) indicates th at the flow may be barotropically 
unstable. The speed of the easterly flow in the lower layers at Bulawayo 
is markedly higher than at e ither Harare or Pretoria with the result that 
th e  sign of the meridional grad ient of the relative vo rtlc lty  reverses in 
th e  vic in ity  of the former station, O rder of magnitude calculations in­
dicate that the meridional relative vortic ity  grad ient is la rger than that 
of the Coriolis parameter such that the sign of the absolute vortic ity  
gradient reverses at about 20°S. Hence the flow Is barotropically un­
stable. Magnitudes of the zonal component at Bulawayo may also be In ­
dicative of the presence of a low-level je t at 20°S.
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T here Is one major aspect in which the northern and southern African  
waves d iffe r - at no time do the Sahelian waves come under the direct 
influence o f a westerly trough from the north whereas the equivalent 
situation is a common occurrence in the south. A type o f rainfall system 
develops over the Sahel which involves the linking of westerly waves and 
disturbances in the low-level easterly flow but these systems are re­
stric ted  prim arily to the transitional seasons (Nicholson, 1981). About 
70 per cent of summer rainfall systems over northern Venezuela, on the 
other hand, develop in conjunction with westerly waves intruding  
equatorward from the North Atlantic Ocean (R ieh l, 1977a). According 
to Riehl (1977b) such troughs o ffe r a mechanism for extraction of the 
heat from the tropical zone necessary to maintain the meridional temper­
ature grad ient required to d rive  the Hadley Call. The troughs also 
ru p p ly  suitable dynamic conditions fo r enhanced development of tropical 
disturbances over Venezuela. O ver B razil, as over southern A frica , 
troughs penetrate well into the in terior of th e continent (Kousky, 1979) 
and these incursions are freq u en tly  associated with ensuing reductions 
in pressure and intensified convection over the Amazon Basin (Kousky  
and F erre ira , 1981; V ir ji and Kousky, 1983). Cloud bands over the South 
Atlantic Ocean mark at least some of these tropical/tem perate links (see 
Figure 9 o f Kousky and Ferreira , 1981, and Figure 2 of V ir ji and Kousky, 
1983). Intensification of trc Jcaf systems over southern A frica also oc­
curs In association with eq uatorw ard-in trud ing  westerly waves (Bhalotra, 
1973; Kumar, 1978; Acharya and Bhaskara Rao, 1981). Enhanced energy 
generation and also presumably lifting  of momentum through mixing In 
the convection accompany the intensification of the tropical systems. 
As in the Venezuela region heat extraction from the African tropical 
systems along the tropical-tem perate troughs may d rive the Hadley C ir­
culation present in conjunction with the troughs. Tropical heat release 
and cumulus friction are two of the major d riv in g  functions of the Hadley 
C irculation, the Circulation accelerating In periods of active convection 
at low latitudes with attendant above-normal heat release and cumulus 
friction  (R ind  and Rossow, 1984; Zillman and Johnson, 1985). Thu  
anomalous poleward flow on days with tropical-tem perate troughs is 
therefore Indicative of a poleward acceleration of the meridional circulation  
forced by heat and momentum generation at 20°S.
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Figure 6 -5 . Schematic model of mean summer circulation associated 
with ra in fa ll frc-v tropical-tem perate troughs. Single arrows 
represent low-level flows and double arrows upper-tropospheric  
flows; arrow  heads represent regions of ascent and arrow tails 
regions of descent.
A model of the circulation on days with tropical -temperate troughs across 
South A frica may now be proposed (F ig , 6 -5 ) .  Convection develops over 
central A frica at about 20*5 with an easterly flow at the surface and at 
200 mb in association with barotropic instab ility and with Instabilities 
associated with the upper-level circulation and, possibly, with the 
internal je t. A wave forms In the easterly flow within which develops a 
closed tropical low. Westward propagation of the wa /e  into the Atlantic 
Ocean, as happens fo r the waves over North A frica , Is blocked by the 
column of cool a ir extending above the cold ocean surface off the coasts 
of Namibia and Angola, tem perature conditions which are not replicated 
off the west coast of North A frica (Newell e t  o / . , 1972). The wave may 
consequently He quasi-statlonary over tropical A frica and in such a case 
is referred  to as a 's tanding wave in the easterlies' by Taljaard 1,1972). 
W esterly momentum is tran sferred  to the atmosphere In the .‘surface 
easterly flow and is raised to the upper troposphere through mixing in 
the convective motions. W esterly momentum is also tran sferred  to the 
atmosphere through the mountain torque with the high pressure system 
along the east coast of the subcontinent b u t It  Is not certain th a t this 
momentum Is lifted at 20°S. Generation of momentum and heat riilease in
the convection provide suitable conditions fo r the forcing of a Hadley 
Cell across southern A frica .
Convection, and consequently the generation of heat and momentum. Is 
intensified with Interaction between the circulation around the tropical 
low and a westerly trough associated with a temperate cyclone passing 
to th e  south of the continent. Further the trough provides a suitable 
channel fo r the poleward tran spo rt of both energy and momentum by the 
mean flow and marks the Hadley Circulation forced by the heat and mo­
mentum generation. Particularly during the transitional seasons the 
troughs develop pronounced tilts  such that efficient poleward momentum 
tran spo rt occurs. Circulation changes on the semi-annual cycle result 
In a decreased efficiency of the tran spo rt In the summer season, The  
cold fro n t associated with th e  trough penetrates the in terior of the 
country and forced convergence along the fro n t together with a 
baroclinically-unstable atmosphere and an influx of moisture in the  
easterly flow provide conditions suitable fo r the development of convection 
along the trough. Viewed from a satellite th is la tter region of convection 
appears as p art of a continuous cloud link between the tropical low and 
the temperate cyclone. Momentum Is subsequently returned to the planet 
in the region of the Indian Ocean storm trac k  at 50°S,
THE EQUATORWARD MOMENTUM FLUX ON NO RAIN DAYS
Th« model devised above fo r the circulation associated with the 
tropical-tem perate troughs is not applicable fo r that on no rain days In 
which th e  momentum flu x  Is equatorward and the magnitude of the flu x  
Is modulated on a semi-annual cycle with peak fluxes In May and No­
vember. Following the arguments given above fo r the poleward flux the 
no rain equatorward flu x  may be traced back to regions of atmospheric 
ascent above surface easterlies. No common synoptic system giving d ry  
weather at Bloemfontein together with easterly surface winds to the south 
of the c ity  exists and thus d istant sources of the flu x  must be sought. 
T h e n  appear to be two possible such sources, One Is the region to the  
south of the A ntarctic trough where the strongest easterlies are in June
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and December at about the time that the trough Is fu rth est north (Fig. 
4 -7 ) .  Antarctica Is a source of temperate latitude angular momentum 
throughout the year (O ort and Peixoto, 1983). The phase of the 
semi-annual cycle at Bloemfontein is however consistent with that o f the 
circulation over the tropics rather than that over Antarctica indicating 
that a tropical ra ther than a polar source of the momentum exists.
Tropical South America and/or the adjacent oceans are possible sources 
of the momentum whence it  is transported poleward In the vic in ity  of the 
trough over the Atlantic Ocean associated with the semi-permanent cloud 
band (Webster and C u rtin , 1975) a fte r lifting over the Amazon Basin. 
Poleward momentum fluxes over the South Atlantic Ocean are amongst the 
strongest of the hemisphere (Angell, 1972; Webster and C u rtin , 1975; 
T ren b e rth , 1982). Th e longitudinal location of the cloud band and hence 
o f the trough undergoes a six-month oscillation which brings It closest 
to A frica in November and May (F ig . 4 -7 ) ,  th e  months of the strongest 
equatorward fluxes over Bloemfontein on no rain days. Re-curvature of 
th e  flow under constraints of maintenance of absolute vortic lty  (or ab­
solute momentum) would, given a suitable wavelength of the resulting  
standing wave, result in an equatorward flow across southern A frica . 
Presumably the wavelength is such that It  accounts fo r the strongest 
equatorward flow which occurs when the standing wave Is displaced to­
wards the east in the transitional seasons (F ig - 5 -8 a ). If  any o f the  
westerly momentum transported equatorward over South A frica is re­
turned afte r subsidence to the planet in the vic in ity  of the subcontinent 
It  would appear as w esterly maxima in the surface winds in May and 
November. May and November maxima are observed at Bloemfontein, 
Pretoria, Bulawayo, Maputo and over the Indian Ocean (F ig . 6 -2 ). The  
six-month cycle In the low-level zonal flow over the Indian Ocean may 
there fore , in p art, be forced from the Atlantic Ocaan. Strengthened  
westerly components over A frica at 20°S result in an increase in the 
dynamic stability and hence in a reduction in the convection. Heat re­
lease, the generation of momentum and the forcing of the Hadley C ircu ­
lation across South A frica decline and th e  region becomes a momentum
Some of the momentum carried equatorward across southern A frica may 
subsequently be re-exported  poleward to the east o f the subcontinent.
i
No Rain
Figure 6 -6 . As F igure 6'S  b u t fo r no ra in fa ll over the  western 
Orange Free State.
Although not always present troughs marked b y cloud bands are f re ­
quently located off the east of the continent on no rain days at 
Bloemfontein (F ig . 2 -6 ) and may denote suitable channels of momentum 
efflu x . Th e relative angular momentum c ircu it is envisaged as: a) gen­
eration of westerly momentum over the Amazon Basin and the tropical 
Atlantic Ocean; b ) lifting  in the Amazon Basin convection; c) poleward 
tran spo rt over the South Atlantic Ocean in the v ic in ity  of the cloud band; 
d) cu rvatu re of the flow  in th e  temperate South Atlantic Ocean such that 
some of the flu x  returns equatorward across South A frica; e ) any mo­
mentum not returned to the planet throueh subsidence over the subcon­
tinent and the Indian Ocean is re -exported  poleward In the vicin ity of 
the band situated to th e  east of the continent, a fte r re -c u rva tu re  of the  
flow at about 20°S (F ig . 6 -6 ). The low phase of th e  Southern Oscillation 
(defined in Chapter 9) is usually associated with be'ow-normal rainfall 
over South A frica (Harriso n , 1983a; Llndesay et a ! .,  1986; Lindesay, 
1986) and thus marks periods in which the ab )ve  mode of circulation may 
be most clearly defined. Mean December to F ebruary 200 mb wind 
anomalies in the low phase have been derived by A rkln  ( 1()82 ). A clear 
correspondence between the circu it deduced above and A rkin 's results, 
which explic itly Illustrate the standing wave across the Atlantic Ocean, 
Is apparent (F ig . 6 -7 ) .  A rk in 's  data indicate fu rth e r  th at momentum Is 
exported from South America at 20°S in addition to at the Equator, that
Figure  6 -7 . December to Feb ru ary  mean 200 mb wind anomalies 
over the southern A tlantic and Indian Oceans during the low 
phase o f the Southern OscMfotion (a fte r A rk ln , 1982}. fsotochs 
labelled In ms- 1. Stippling outlines the flow discussed In the
much of the momentum does not •e-curve over the South Atlantic Ocean 
but is returned to  the planet in the vic in ity  of A ntarctica and that there 
Is also a d irect flu x  of momentum eastward across the tropical Atlantic 
to southern central A frica .
CONCLUSIONS
Models of the mean circulations accompanying both rainfall and d ry  
weather over the central in terior of South A frica have been developed 
through consideration of the properties of the various components of the 
momentum budget over southern A frica , D iffe ren t sources of the mo­
mentum transported m aridlonally across southern A frica on rain and no 
rain days ex is t. South America marks a source fo r the no rain days, 
Momentum generated over the Amazon Basin is carried along a standing 
wave over the South A tlantic Ocean, the tra ilin g  edge of which is marked 
b y a cloud band, and ultimately equatorward In the upper branch of a
Ferrel Cell across southern A frica . Momentum may subsequently be ex­
ported poleward in d ie vicin ity of the cloud band In the Madagascar re­
gion. Tropical-tem perate troughs across southern A frica  form when a 
westerly trough in fra c ts  with a region of tropical convection over A frica 
at 20°S . The tro  ih  provides conditions suitable fo r intensification of 
the convection which In tu rn  forces a Hadley Circulation across southern 
A frica , Heat released and momentum lifted  in the convection is tran s­
ported poleward along tho leading edge of the tro u gh . Cloud develops 
In association with dynamic forcing along the cold fro n t of the trough  
resulting i r  both rainfall over the subcontinent and the appearance on 
satellite Images of a cloud band.
Several of the components o f the momentum budget, including the 
Coriolis, surface and mountain torques and possibly the latitudinal and 
vertical flux convergences and the mean vertical f lu x , are modulated on 
a semi-annuaf cycle such that details o f the models are time dependent. 
For example, the In tensity of the no rain circulation flux varies on the 
cy d a  following longitudinal displacements of the Atlantic Ocean standing 
wave. The efficiency of the poleward tran spo rt along the troughs simi­
larly varies with the wave displacements such th at highest efficiency 
occurs in the transitional seasons. Details of the Influence of the 
semi-annual cycle and of the em ulatio n s associated with rainfall systems 
other than the tropical-tem perate troughs must, o f course, be Incorpo­
rated into fu tu re , more comprehensive, models. Th e models as developed 
above are , nevertheless, adequate to provide the basis fo r an examination 
of the controls on both the annual ra infa ll cycle and the rainfall variations 
over the central In terior of South A frica .
CHAPTER 7
GENERAL CIR C ULA TION  CONTROLS ON THE ANNUAL RAINFALL CYCLE
INTRODUCTION
Several studies o f the circulation through the year over South Africa 
provide the necessary background fo r examination of the causes o f the 
seasonal ra infa ll cycles over the various parts of the subcontinent. 
Earlier Investigations are summarised by MacGregor (1955) while more 
recent svnopses have been provided by Taljaard (1958, 1972, 1981b) and 
Trewartud (1981). Several surface circulation features appear in summer 
b u t not in w inter mean patterns, the most prominent o f which is the 
n orth-w est to  south-east oriented trough over the western parts of the 
in terior (Jackson, 1952; T aljaard , 1953). Cloud bands frequently develop 
to the east pf the troughs. In contrast to th e  marked seasonal variations 
in the surface flow there are no equally-defined changes in the upper-a ir 
circulation which account fo r the summer rainfall peak and the w inter 
d ry season over the central in terior , the flow remaining anticyclonlc 
throughout th e  year (Jackson, 1952). Consequently the annual rainfall 
cycle has been attrib u ted  to changes in atmospheric stability and moisture 
content following latitudinal and longitudinal movements of th e  oceanic 
subtropical high pressure systems on e ither side of the subcontinent 
(T rew a rtha , 1981; McGee ar-'1 Hasten ra th , 1966). Between the peak 
season months the South Atlantic Anticyclone undergoes a latitudinal shift 
o f 6° to a maximum southerly location in January (McGee and Hasten ra th , 
1966; Streten, 1980) when the Indian Ocean Anticyclone is displaced
eastward towards the Australian side o f the Ocean (F ig . E -3 ) . In
m id-w inter the Indian Ocean Anticyclone lies closer to A frica . It  has 
been argued that convection in w in ter is Inhibited as a consequence of 
intensified atmospheric descent accompanying the westward displacement 
of the Indian Ocean Anticyclone. A t th e same time the flu x  of moisture
from the surrounding oceans Into the in terior is restricted by the sub­
tropical inversion which freq u en tly  lies below the level of the raised 
central plateau of the subcontinent. A lternatively during the summer the 
influence of anticycionic subsidence Is reduced and the subtropical in­
version weakens and lifts , pc i.n itting both the influx of moisture onto 
the plateau and the development of convective clouds.
Although many of the basic fe a tu re , of the seasonal ra infa ll cvclo may 
be explained by the above exposition some aspects of the theory are in ­
consistent with observation and there are additional detail: of the cycle 
that remain to be elucidated. For example, the distinct summer rainfall 
maximum and w inter minimum is present along the east coast in regions 
where inversions may not restric t the in flux o f moisture. Limitations on 
convection exerted by subsidence inversions might explain the w inter 
rainfall minimum but these Inversions develop less freq u en tly  at Durban  
in w inter than in summer (Preston-W hyte et a l . ,  1977). Observations 
also indicate th at the centre of the Indian Ocean Anticyclone migrates 
no fu rth e r  west than 6D°E in w in ter (F ig . E -3 ) at which longitude it  is 
tvo d istant to  exert the climatic influence postulated on a country which 
extends only to about 33°E . According to Streten (1980) a second 
anticyclone, independent of the Indian Ocean Anticyclone, develops over 
the fa r  western parts o f the ocean d uring  the m nths  A p ril to September 
and It  is th is cell which is prominent in the low-level circulation over the 
subcontinent. Maximum pressures over the central in terior of South 
Afv:;a are achieved in m id-w inter only below 700 mb above which level 
the annual pressure wave reverses (F ig . -4-2c>. The phase reversal is 
consistent with the south-east to north-w est t i l t  with height of 
upper-level waves over the region (Hofmeyr and Gouws, 1964; Newell et 
a t ., 1972) and the seasonal latitudinal migration of the systems. Yet the 
variances o f geopotential heights at all levels o f the troposphere, In ad­
dition to  tncse of the surface pressure and of the tem perature above 600 
mb, also reach maxima in m id-w inter (F ig . B - l ) ,  indicating th a t d is­
turbances of g reater amplitude pass over the ...tion in w inter than  
during summer. The presence of large-amplitude waves may not be 
readily reconciled with the concept of steady subsidence in the downward 
branch of the v/lnter-hemisphere Hadley Cell producing an inversion 
above a low-level diabatic cold high. Fu rther d ifficulties arise In the 
detailed study of the annual rainfall cycle over the Orange Free State. 
The apparently simple cycle over this region results from a complex of
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contributions V v n  several types of synoptic systems in which inter-month  
variations in the absolute and proportional rainfall contributions are 
present. O ther unexplained aspects of the cycle include the December 
ra infa ll hiatus and the late season rainfall peek over the western regions,
In this chapter models o f the annual rainfall cycle over the central inte­
rio r o f South A frica will be formulated in terms of seasonal adjustments 
In the general circulation in th e  African region, and in particular in the 
general circulation of th e  trop ics. Th e models are based on the results 
of the harmonic analyses of ra in fa ll, of the thermodynamics and kinematics 
of the circulation and of the meridional fluxes of momentum, The models 
are developed upon th e  momentum budget models fo r tropical-temperate 
troughs (F ig , 6 -5 )  and the no rain circulation (F ig . 6 -6 ). Results from 
the harmonic analyses are summarised in Appendix F where It is concluded 
th a t the phases of the annual rainfall and rain earth angular momentum 
f lu x  cycles are closely synchronous and that the turn in g  points of the  
form er cycle occur contemporaneously with turn in g  points of the 
semi-annual cycle of the rain transient flu x .
FREQUENCIES OF SYSTEMS OVER SOUTH AFRICA
In o rd er to develop a background fo r investigation cf the circulation 
controls on the development o f ra in -bearing  systems the mean frequencies 
with which the various types of systems affect South A frica have been 
derived (F ig . 7 -1 ) .  I t  is possible that not all the cloud patterns sus­
tained by particu lar circulation types provided rainfall over the land 
mass. Many of the disturbances included amongst the coastal de­
pressions, fo r  example, wore probably coastal lows which rare ly  produce 
more than localised d rizz le . All cases of cloud signatures appropriate 
to  th e  various types of systems in the classification have, however, been 
Included "n the statistics in Figure ' / - I .
D istributions fo r the tropical systems through the year are similar to 
ivse over the Orange Free State (F ig . 3 -4 ) .  Tropical-tem perate troughs
 TROPICAL TEMPERATE. TflUhCATEO AND WEST CC
— — TSOPKAL-TEMPERATE TRflUGHS 
TRUNCATED TflOUflHS
 WEST COAST TROUGHS
+ 4 -  SUBTROPICAL CYCLONES
 COASTAL DEPRESSIONS
• •  EAST COAST TROUGHS 
UNCLASSIFIED
Figure 7 -1 . Mean number o f days p er month during which each 
type of ra in fa ll system was present over South A frica  as a whole 
d uring  the period 1967 to 1977 (c,*. system frequencies over the  
Orange Free State In  F igure  3 -4 ),
are most commonly situated across the country in January with a second 
frequency mode in November. A reduced frequency of troughs in De­
cember, suggested as the cause of th e  rainfall hiatus in th at month, Is 
present in the net statistics fo r the subcontinent. Subtropical cyclones 
are also distributed  in time similarly over th e  country as over the Orange 
Free State. Major differences in the distributions appear for the 
temperate systems. O ver the Orange Free State coastal depressions are 
distributed  according to a six-month cycle with peaks In the transition  
seasons. For the subcontinent as a whole coastal depressions are present 
With quasi-constant frequency through most of the year apart from Jan­
uary and February. The reduction in the frequencies of coastal tie-
pressions in January and February is m irrored In the results for the 
Orange Free State. East coast troughs affect the subcontinent most 
freq u en tly  in May and September but the Orange Free State in 
M arch/A pril and October. D istributions for unclassified systems over the 
subcontinent are perhaps more alike those over the Orange Free State 
than fo r the other types of temperate systems. Differences in the dis­
tributions of the frequencies of the temperate systems over the subcon­
tinent end over the Orange Free State reflect changes in the circulation  
such that these disturbances penetrate more frequently into the in terior  
of the country during the periods of the dominant Ferret Circulation In 
the transitional seasons. Tropical systems are not affected by such 
constraints so that distributions fo r these systems fo r the Orange Free 
State and fo r the subcontinent are similar although on only about one-half 
of the days that tropical systems are present over the country do they  
provide significant rainfall (as defined in Chapter 3) to the western O r­
ange Free State.
TROPICAL-TEMPERATE TROUGHS AND THE GENERAL CIRCULATION  
OF THE TROPICS
Two important properties of the circulations sustaining cloud band fo r­
mation and determining the course of the seas^.'al rainfall cycle over the 
western Orange Free State have been identified. F irs t, heat release in 
the tropics is a necessary condition fo r band formation along a 
tropical-tem perate trough. Standing waves of the Southern Hemisphere 
are also predominantly forced by tropical heat release ra th er than by 
orography and evidence th at the cloud bands mark the standing waves 
is presented In Appendix G . Secondly, the cloud bands develop in re­
gions of interaction between circulations of the low and middle latitudes 
and mark channels of poleward energy and momentum tran s fe r by the 
mean meridional circulation. Ma,'»r controls on the intra-annual changes 
in the frequency of formation of tropical-tem perate troughs over South 
A frica are thus the seasonal displacements of the region of tropical heat 
release and the attendant adjustments to the dynamics of the 
tropical/tem perate circulation interactions.
vrar-
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JUAE TO AUGUST
DECEMBER TO FEBRUARY
Figure 7 -2 . Seasonal d istributions of the IR  effective temper­
ature h r  the period 1971 to 1978 fo r a) June to August and b ) 
December to F ebruary adapted from Webster (.1983) after  
Uebmann and Hartmann (19 62 ), Temperatures denoted b y
shading: darkest areas <230°K; stippled areas *250oK ; clear areas 
<270CK and g rey  areas >280°K. Locations of the In te r-T ro p ica l 
Convergence Zone, the semi-permanent equatorial convective 
zones and the seasonal monsoon regions are marked as 'C 1 
and  'Af' respective ly .
Three dominant areas of tropical heat release are present In the austral 
summer (d arkest a reus in Figure 7-2a - see also Figure ft of Barton,
1983), all of which lie over continental areas including the Indonesian 
Archipelago which act as source regions fo r the main cloud bands (c f. 
Fig. 2 -6 ) .  D uring w in ter only two prim ary regions of heat release are 
present, the major one o f which resides w ithin the Asian monsoon (F ig . 
7 -2 b ). A minor region of heat release occurs over tropical north A frica . 
The heat source relevant to tropical-tem perate troughs over southern 
A frica Is the region of convection along the A frican In ter-Trop lca i Con­
vergence Zone and thus the seasonal cycle of rainfall from the troughs 
Is related to  the annual cycle o f the latitudinal movements o f the Zone.
Figure 7 -3 . Fields o f the f irs t  two eigenvectors o f outgoing 
long'w ave radiation fo r the period June 1974 to February  J978 
a fte r  Hedd/nghaus and K rueger (1981 ). Positive areas are 
stipp led; negative areas are hatched. Physical Interpretations  
o f the positive and negative areas are given In  the tex t.
Details of the movements of tb continental tropical cloud masses have 
been deduced in a principal component analysis of satellite outgoing 
long-wave radiation measurements fo r the period June 1974 to February  
1978 by Heddinghaus and Krueger (1981). Globally-unlform seasonal 
movements of the continental portions of th e  In ter-T ro p ica l Convergence 
Zone are reflected In the f irs t  component (F ig , 7-3a) fo r which maximum 
cloudiness over A frica at 10°S Is attained in either January or February. 
Maximum cloudiness over the south-western portions of A frica Is reached
Figure  7 -4 , As Figure 7 -3  b u t fo r  the th ird  eigenvector.
in e ith e r Ju ly  or August on the f irs t  component and thus this component 
reflects the variations in the seasonal rainfall cycle across the subconti­
nent. Annual fluctuations of outgoing long-wave radiation are also de­
picted on the second component (F ig . 7 -3b) and indicate th a t maximum 
cloudiness o ver the western parts o f South A frica occur In A p ril in 
conjunction with the delayed ra infa ll maxima over those regions.
Dominant latitudinal displacements of the region of African convection are 
limited to latitudes 10°N and S and so do not cover 20*S, the latitude 
at which the generation o f momentum and heat transported poleward along 
the troughs appears to take place. A t 206S o ver A frica the outgoing 
long-wave radiation follows a semi-annual cycle (F ig . 7-4) such that 
minima occur in e ith e r January or February and in Ju ly or August. 
Outgoing long-wave radiation minima in summer are linked to  the
convective cloudiness maxima and In w inter to  emissions from the cold
continental surface through a predominantly d ry , cloud-free atmosphere. 
Emissions from the re latively warm surface through a cioud-free (com­
pared to th e summer) atmosphere account fo r the outgoing long-wave 
radiation maxima In the transitional seasons. Appropriate semi-annual 
cycles are present in several climate parameters including ra infa ll and
hours of sunshine at Lusaka at 15eS (Nlouw olt, 1971). Poleward mean
flow In a Hadley Circulation over the central in te rio r of South Africa 
accompanies the minima In the outgoing long-wave radiation at 20oS and 
equatorward flow In a Ferrel Circulation the maxima.
!Fig u re 7 -5 . Mean locations of the In te r-T ro p ica l Convergence 
Zone and Zaire A ir  B oundary (hvavy dashed lin es) during  Jan­
u ary  and F ebruary 1958 (a ) and b ) )  and July and August 1S58 
(c )  and d ) ) . In  a) and c) single arrows Illu strate  low-level flow  
and double arrows 3 km flow; linked circles mark locations of the 
major surface troughs. In  b )  and d ) crosses and dots mark 
centres o f Individual closed low and high pressure systems re~ 
spectlvely and thin lines g ive mean sea surface pressure In mb. 
A dapted from maps fo r the International Geophysical Year by  
T aljaard  (7972),
D uring January the In ter-T ro p ica l Convergence Zone is oriented 
meridlonally across tropical Sast A frica but becomes zonal across th e  In ­
dian Ocean at around 15°S (F ig s. 7-5a and b ) .  According to Taljaard  
(1972) there Is a secondary branch of the Zone which crosses the conti­
nent at about 18°S and which marks the confluence between the easterly  
flow from the Indian Ocean to the south and the w esterly flow from the
1.
F igure  7 -6 . METEOSAT Ir f ra -re d  Image at 1659 GMT on 23 Feb­
ru a ry  1979 Illu stratin g  the In te r-T ro p ica l Convergence Zone and 
Zaire A ir B oundary across tropical A frica  following Talfaard  
(1972) linked to a cloud band across South A frica .
Atlantic Ocean to the north. Taljaard refers to this feature  as the Congo 
A ir Boundary but it  should now be called the Zaire A ir Boundary. An 
example of a cloud band which formed contemporaneously with cloud along 
the Z aire  A ir  Boundary and the In ter-T ro p ica l Convergence Zone across 
A frica and the adjacent oceans in a pattern consistent with th at in Figure 
7-5b Is given in Figure 7 -6 . Although few lows developed along the 
climatological axis of the Zaire A ir Boundary itse lf during the In tern a -
tiona) Geophysical Year numerous systems were recorded both to the 
south and to  the north of the feature (F ig , 7 -5 b ). I t  Is those lows at 
about 2Q*S th a t form the links between the tropical-tem perate troughs 
and the region of tropica-1 convection. During the austral w in ter the 
African In ter-T ro p ica l Convergence Zone lies at about 150N and so no 
longer d irectly  influences the flow over southern A frica . The Zaire A ir 
Boundary may, according to  Taljaard (1972), still be traced as a 
boundary across tropical A frica between the easterly flow from the Indian 
Ocean and the Atlantic equatorial westerlies (Figs. 7-5c and d ) .
Seasonal shifts of the In ter-T ro p ica l Convergence Zone are In p art con­
trolled by changes in the disposition o f th e global heat sources and sinks. 
T h e zonaiiy-averaged subtropical atmospheric tem perature cycle in the 
Southern Hemisphere is controlled by sea surface temperatures and the 
oceanic regions of tropical convective cloudiness tend to collocate with  
the region, of highest sea surface temperatures. Thus the 
zonally-averaged In ter-T ro p ica l Convergence Zone is fu rth est south In 
February (R ieh l, 1979) In conjunction with the highest sea surface tem­
peratures over the g reater p a rt of th e  southern oceans (Panfilova, 1972). 
Over southern A frica , however, th e  surface and atmospheric temperature 
cycles are controlled d irectly hy heating of the continent with resulting  
complex seasonal temperature grad ient distributions around the land 
mass. If  the latitude o f the region of tropical convection may be deduced 
from the rainfall cycle over central A frica then the African In ter-Tropical 
Convergence Zone is fu rth e st south in January according to estimates of 
the location of th e  'centre of g ra v ity ’ of African rainfall (Kldson, 1977) 
and to the results o f harmonic analyses of the rainfall (Hsu and Wallace, 
1976a). The lag between the la titudinal cycles of the sun and of the 
In ter-T ro p ica l Convergence Zone, two months in the zonal average (R ieh l, 
1979), is therefore closer to one month over southern Africa.
Seasonal latitudinal displacements of the African In ter-Trop ica l Conver­
gence Zone thus account for the changes in the location of the region 
of heat release over A frica such th a t tropical-tem perate troughs form most 
and le rst freq u en tly  when th e  Zone is fu rth est south and north respec­
tiv e ly . Latitudinal displacements of the Zone also affect the chances that 
Interaction between the tropical disturbances and southern westerly waves 
will occur. Present theories of tropicsl/tem parate circulation Interactions
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based on Rossby wave dynamics have been reviewed by Webster (1983), 
According to these theories extra-tropics- troughs in one hemisphere may 
penetrate deeply into  the tropics and may oerhaps even generate waves 
in the circulation of the temperate latitudes of the o ther hemisphere only 
In regkn s where the tropical flow is w esterly. Such is the case in the 
austral summer over the Amazon Basin, the Atlantic Ocean and the central 
Pacific Ocean (F ig . 7 -7 b ), all regions In which tropical-tem perate in te r­
actions as marked by cloud bands occur. The south-eastern Atlantic 
Ocean is one of the regions over which the equatorward penetration of 
extra-tropical disturbances is a maximum (Webster and C u rtin , 1975) and 
thus w esterly troughs in trud ing  equatorward over th e  ocean may subse­
quently be incorporated into tropical-tem perate troughs across South 
A frica , A lternatively troughs are reflected back into th e ir  own hemi­
sphere in regions over which the equatorial flow is easterly. Equatorial 
easterlies cover both th e  Atlantic Ocean and A frica during the austral 
w in ter (F ig . 7 -7d) and thus no links between the tropical disturbances 
at 15°N and the southern troughs may be expected except within a highly 
perturbed flow. Recent modelling studies (e .g . Schneider and Wattersen,
1984) have however challenged th e  valid ity of the applicability of the 
above results, which w ere based on an assumption of zero mean meridional 
velocity, in regions of non-neglig /ble meridional cu rren ts and have indi­
cated that responses to w esterly forcing possibly do occur in the other 
hemisphere across easterly currents under certain flow regimes. In ad­
dition evidence also exists th at g ra v ity  Inertia waves forced by tropical 
convection may cross zones of easterlies (Paegle and Paegle, 1983). It  
Is possible therefore th a t some responses in the circulation over southern 
A frica to waves generated In the disturbances along the In ter-Tropica l 
Convergence Zone at 15eN may exist but in view of the ra r ity  of cloud 
bands in w inter (F ig . 7 -1 ) i t  will be assumed th a t these responses may 
be neglected.
The basic annual cycle of the frequency of formation of tropical-tem perate 
troughs over South A frica may th erefore be explained simplv in terms 
of seasonal movements o f the zone of heat release along the African  
In ter-T ro p ica l Convergence Zone. These movements alone do not, how­
ev er, account fo r the semi-annual cycle in the meridional flow across the 
central in terior of South A frica and. In p artic u la r , the w inter poleward 
flow whtin the easterly tropical flow Inhibits forcing of a Hadley C lrcu-
<11 ' '  I '1 r'W 3 f^ r
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lation across southern A frica by heat release at 15°N, An alternate 
source of the forcing o f the Cell exists.
The A frican In ter-T ro p ica l Convergence Zone is both a heat anH a mo­
mentum source which is situated on th e  eastern side erf the monsoonal 
Indian Ocean, the region which accounts fo r the g reater p art of th e global 
c ro s s - '-" ’atorial momentum flux (Newton, 1972). Atmospheric angular 
moment,.:' is lost to the planet in the tropical monsoon westerlies. In 
o rd er to compensate fo r  this loss westerly momentum is effective ly 
tran s ferred  into toe summer hemisphere, In which the monsoonal 
westerlies "  largely contained, through the tran sport of easterly mo­
mentum f/x. ,e summer to the w inter hemisphe’ e (Johnson, 1569). 
D irin g  the austral summer the prime area o f tropical surface westerlies 
form> ^ ith  the ’ w inter' monsoon of the Indonesian region, but westerlies 
are also found over Angola and Peru. A t 850 r  ' a cyclonic centre is 
located over northern Namibia in the v ic in ity  of th e  average location of 
the Zaire A ir  Boundary (F ig . 7 -7 a ). W esterly momentum is transferred  
to the atmosphere in the easterly flow to the south, east and north-east 
of the cyclonic centre and to the planet in the asteriy flow to the north 
m d  north-w est. Tropica)-tem perate troughs are associated with an in ­
tensified easterly f lu .,. Kn outflow anticyclone is located above the 
low-level cyclone and easterly momentum is tran sferred  towards the 
Northern Hemisphere along its . orthern flan k to compensate for the loss 
to the plcnet in the Angolan westerlies (F ig . 7 -7 b ). A similar outflow 
anticyclone is present over the west coast of South America. The major 
cross-equatorial flow occurs in response however to the westerlies of the 
w inter monsoon which, according to Figure 7 7a, extend only as fa r  west 
as 60®£ b u t according to Ramage (1971), Lettau (1974) and Semyonov 
(1978) cover the tropical Indian Ocean. Easterly momentum Is transferred  
Into the Northern Hemisphere across the entire Indian Ocean (F ig . 7 -7 b). 
None of the westerly momentum generated over central A frica appears to 
be exported poleward across 30°S by th e me: j  flow In Figure 7-7b  but 
the result Is a consequence of the cancelling effect o f the six-month cycle 
in the m eridiorsl winds at this la titude. Conditions during the northern  
summer are similar In reverse to those of the austral summer with easterly 
momentum being tran sferred  southward across the equatorial Indian Ocean 
(F ig . 7 -7 d ), Th e cross-equatorial flu x  In Ju ly is ra ther stronger than 
in January as a result o f the fa r  more extensive region of surface
1
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Flguro  7*7 . Streamlines In  December to February at 850 mb (a )  
and 200 mb (b )  and In June to August at 850 mb (c )  and 200 
mb id )  adapted from Newell e t a l. (1972 ).
westerlies associated with the Indian than with the w inter monsoon {Pig. 
7 -7 c j. The efflux from the monsoon region covers southern A frica and 
is possibly the o riy in  of the w inter poleward flow acrosc the in terior of 
the subcontinent.
CONTROLS ON THE SEASONAL RAINFALL CYCLE
Models of the controls on the seasonal rainfall cyclts over the central in­
te rio r o f South A frica may now be formulated which incorporate the mal'"* 
circulation changes on both the annual and semi-annual c y  ■ iF ig i -3 
and 7 -9 ) .  The seasons are defined on the basis o f the phases of the  
semi-annual cycle. Three models are prv.spnted, one fo r each of the
Figure  7-7 continued
summer and w in ter seasons and a single model fo r the transitional sea-
The January to  March summer season
The In ter-T ro p ica l Convergence Zone reaches its southernmost location 
in January. Minima occur In the outgoing long-wave radiation at 10oS 
on th e  annual cycle and at 20*S on the semi-annual cycle In January. 
Convection over tropical southern A frica acts as a heat source capable 
of forcing standing waves and. a Hadley Circulation across South A frica . 
Heat and momentum generated at 20°J are transported poleward across 
South Africa by the me; i flow. Toroids! circulations for all rainfall 
sys.orns apart from subtropical cvclonss, east coast troughs and unclas­
sified systems are that of the Hadley Cell. Th e mean vertical motion is
sirff'
AUTUMNALTRANSITIONAL TRANSITIONALSUMMER WINTER
PRECIPITABLE WATER
RELATIVE ANGULAR MOMENTUM
INTEGRAL TRANSIENT MOMENTUM FLUX 
RAINFALL OVER WESTERN ORANGE FREE STATE FROM TROPIOAL-TEMPEflATE TROUGHS
F igure  7 -6 . Schematic representation of annual cycles o f clrcu~ 
latlan parameters over the centra! in te rio r of South A frica  as 
deduced through harmonic analyses.
possibly anomalously upwards and baroclin icity is at minimum 1 
semi-annual cycle (F ig , 7 -9 ).
Given that tropical-tem perate troughs are most like ly  to form when 
moisture u  ncentrations are highest and the In ter-T ro p ica l Convergence 
Zone is fu rth e st south, i.e .  th at thn westerly waves are most likely to 
penetrate sufficiently fa r  equatorward to  link with the tropical lows when 
the la tter features theiuuelves are displaced in the moon fu rth e rr  
poleward, then cyclone band  frequency should reach a peak in January 
as observed. Cyclones in the southern Atlantic Ocean are also displaced 
fu rth e r  equatorw ard  In January than in any other month according to the 
analyses of Howarth (1983) such that the formation of tropical/tem perate  
links may be facilitated In this month. Confirmation that 
tropical-tem perate troughs form at the time of peak momentum generation 
In the tropics is given by the synchroneity of the annual cycles of rainfall 
from the troughs and of the rain earth angular momentum flu x (see Ap­
pendix F ).
» ■
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TOROIDAL CIRCULATION
LATITUDE OF SUBTROPICAL JET
TRANSIENT FLUX ON RAIN DAYS 
MEAN VERTICAL MOTION
Figure 7 -9 . As F igure 7-8 b u t of semi-annual cycles.
The period of peak frequency of tropical-tem pe-ste troughs occurs close 
to the time of highest prscipitable water in the atmosph.ve. Moisture 
concentrations reach a summer peak at about the same time as the ap­
p ropriate maxima on the six-month cycle of the anomalous anticyclonic flow 
over the eastern parts o f the subcontinent (F ig , 4 -7 ) and of the depth 
of th e  20®C isotherm over th e western equatorial Indian Ocean 'Q'.'adfasel, 
1982). Conditions are then optimised fo r the transport of moisture from 
the Indian Ocean along th e  northern flanks of high pressure systems over 
the east coast of the subcontinent as proposed by Taljaard (1958). 
Confirmation th a t the Indian Ocean source supplies moisture to the at­
mosphere over Zimbabwe was obtained by McNaughton and Wurzel (1977' 
b ut th is study also revealed that the tropical Atlantic Ocean, and possibly
Chat p a rt o f the ocean In the Northern Hemisphere, may also act as a 
moisture source under certain flow conditions. A similar conclusion had 
earlier been drawn In a study of moisture fluxes over Namibia (G ellert, 
1962). Both oceans may therefore contribute moisture to the tropical heat 
source and to the atmosphere over the central in terior o f South A frica .
Th e Atlantic wave, forced by heat release over the Amazon Basin (Kalnay 
and Paegle, 1983), is displaced westward on the semi-annual cycle in the 
summer. In addition the forcing o f the wave is weaker than in the 
transitional seasons because of the inverse phase of the semi-annual cycle 
in the outgoing long-wave radiation over the Basin In comparison to that 
over A frica at 20°S (F ig . 7 -4 ) .  Maximum rainfall from tropical-tem perate 
troughs coincides with the minimum in the transient flu x  on rain days 
(see Appendix F) resulting from the change In the structures of the 
westerly waves associated with the westward displacement of the Atlantic 
wave. Inspection of satellite wind analyses prepared by the South 
African Weather Bureau indicates th at th ere  are at least three modes of 
the circulation over the South A tlantic Ocean. In the f irs t  mode the wave 
is located such th at equatorward flow to the west of southern A frica 
re-curves and becomes poleward Immediately to the west of the African 
standing wave; in th e  second mode there is no re -curva tu re  of the flow 
In the A tlantic wave so that the flow passes to the south of A frica; In 
the th ird  mode the wave is not present. Relative frequencies of these 
three modes are unknown.
Dominant features o f the circulation in summer on rain days deduced In 
the preceding are summarised In Figure 7-10. Easterly flow and heat 
release at 20°S provide suitable conditions fo r tropical-tem perate trough  
formation and rainfall over southern A frica . The f irs t  and second modes 
of the circulation over the South Atlantic Ocean defined above are de­
picted as 'A' and 'B ' respectively. On the no rain days the pattern shifts 
eastward such that the equatorward arm of the wave represented by mode 
'A ' overlies the central in terior of South A frica .
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Figure 7-10. Schematic representation o f the major features of 
the circulation over southern A frica  during  the summer season.
The dominant 200 mb flow across tropical A frica and subsequently 
across South A fr ica  Is  shown b y  the fu ll line: 200 mb flows re ­
lated  to the A tlantic standing wave are shown b y dotted lines for  
two of the three known modes (see te x t ) . The flow of mode A 
Is displaced eastward such th a t the equatorward arm of the wave 
crosses the subcontinent on no rain days.
The vernal (October to December) and autumnal (A p ril to  June) 
transitional seasons
"Hirt In te r-T ro p ica l Convergence Zone lies fu rth e r  north than in the 
summer season and th ere  is a maximum on the semi-annual cycle of the 
outgoing long-wave radiation at 20°S, Cc ared to the summer season 
the region at 20°S Is th erefore an energy sink. The dominant circulation  
is that of the Ferrel Cell associated with the eastward displacement of 
the Atlantic wave (F ig . 7 -11) forced by the heat source over the Amazon 
Dasin. With the sh ift of the Atlantic wave the baroclinic stability of the 
atmosphere decreases and the transient flux on rain days increases. 
The Ferrel Circulation Is d ire c tly  reflected in the vernal transitional 
season circulations of the truncated troughs, coastal depressions and 
unclassified systems In addition to  of the no rain days (Harangozo, 1386).
•1 1 . As F igure 7m10 b u t fo r the transitional sea.
The --sinlnant 200 mb flow (solid  lin e ) Is that associated with  
Atlantic  wove. Flow along the African wave at 200 mb Is shown 
b y  the do ited  line .
Rainfall from the tropical-tem perate troughs is lower than in the summer
because of th e  reduced frequency of troughs resulting from the
northward displacement of the In ter-T ro p ica l Convergence Zone. As in 
summer at least th ree behavioural modes, of the Atlantic wave occur and 
troughs sometimes develop in the Madagascar region when the
squatorward flow of the wave overlies South Africa (F ig . 7 -1 1 ). The
vernal transitional season is the period of reduced  ra infa ll over the  
western as compared to over the "astern Orange Free State and of the 
ra infa ll hiatus in December. Both of these aspects of the seasonal rainfall 
cyciJ are considered In Appendix H.
Th e Ju ly  to September w inter season
Rainfall is at a minimum in w in ter over the central in terior of South 
A frica . The A tlantic wave Is displaced westward and the degree of 
baroclin icity Is reduced in comparison to th a t of the transitional seasons.
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Figure 7-12. As F igure 7-10 but fo r  the w in ter season when the 
dominant flow Is the cross-equatorial flow forced b y  heat •'elease 
In  the Indian monsoon.
T h e dominant circulation is th at of the Hadley C ell. A zone of equatorial 
easterly flow interposes between the re latively weak region of tropical 
energy release at 15°N and southern A frica (F ig . 7 -7d) and inhibits 
Interaction between the southern w esterly waves and the region of con­
vection. I t  is postulated th a t outflow from th e  Indian monsoon, which 
covers tropical A frica (F ig . 7-'. >), accounts for the dominant poloward 
flow across southern A frica (F ig . 7-17.) T he outgoing long-wave ra d i­
ation over the Indian subcontinent Is strongly modulated by a semi-annual 
cycle in phase with th a t over A frica at 20°S (F ig . 7 -4  -  see also Prasad 
and Verma, 1985). Similar reasons fo r  the cycle obtain over India and 
over A frica , i .e .  seasonal variations in hwavy cloudiness and warm and 
cold surfaces below cloud-free atmospheres. Maxima in the cloudiness 
occur, however, in inverse seasons over th e  two regions. Desiccation 
of the a ir  over the Indian subcontinent accounts in p art fo r the dryness 
of the a ir  over southern A frica . A second plausible cause of the dryness 
is th a t much of the moisture evaporated from the western Indian Ocean 
d uring  the w inter is carried  into the Northern Hemisphere and to the 
Indian monsoon by the low-level je t over the western parts of thv Ocean 
d u rin g  th at season (F ln d ia te r, 1969) ra th er than towards the African  
continent, Steady subsidence within the flow from the Indian monsoon, 
together with the lack of any u pper-level easterly winds over A frica south 
of 10CS, account fo r the rainfall minimum achieved despite the maxima In 
th e  amplitudes of the westr -ly disturbances crossing the subcontinent.
CONCLUSIONS
New models of the controls on the annual rainfall cycle over the central
in terior of South A frica have been formulated which are consistent with ^
many aspects of the annual and semi-annual cycles of both the 
thermodynamics and the kinematics of the flow . Summer season rainfall 
accompanies tropical heat release and consequent development of standing 
waves with attendant cloud bands over A frica . Development of standing 
waves from the African source is controlled by the seasonal la titudinal 
movements of the In ter-T ro p ica l Convergence Zone which reaches a 
southernmost location In January when tropical-tem perate troughs develop 
across South A frica most freq u en tly . Th e seasonal movements of the 
In ter-T ro p ica l Convergence Zone are the prime control on the rainfall 
cycle. Longitudinal displacements of the standing wave over the South 
Atlantic Ocean account for many aspects of the observed circulation 
changes on th e semi-annual cycle. Th e longitudinal location of the wave 
is modulated such th at the associated equatorward earth angular momen­
tum flu x  o ver the central in terior of South A frica is stronger in the
transitional than in the high seasons. Cross-equatorial upper-level flow 
originating in the Indian monsoon account may for the poleward mean 
meridional circulation over the central in terior of South A frica during  the  
high w in ter season and subsidence of this flow is possibly responsible
fo r the predominantly d ry  weather of th is season. Th e model- may be j
used as a foundation fo r fu tu re  studies of the circulations gov . ,/ig the I
seasonal rainfall cycle and the rainfall variations over southern A frica I
and form the bases of the analyses presented in the th ird  section of this
i
RAINFALL AND CIR C ULA TION  VA R IA TIO N S OVER THE CENTRAL 
IN TER IO R  OF SOUTH AFRICA
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CHAPTER 8
RAINFALL AND C IR C ULA TIO N  VARIATIONS
INTRODUCTION
Models of major modes of the circulation variations associated with rainfall 
departures over southern A frica may be evolved In parallel manner that  
models of the annual rainfall cycle ware developed in Part I I .  
In ter-annual changes in the thermodynamic nnd kinematic structures of 
the atmosphere and in the momentum fluxes over the central in terior of 
South A frica will be interpreted within th e  framework of the classification 
of circulation types in the derivation of the models. A common method 
of studying circulation differences between wet and d ry  periods is 
through the superposed epoch technique whereby circulation parameters 
such as rainfall totals are used to s tra tify  circulation data into groups 
fo r above- and below-normai periods Examples of applications of the  
superposed epoch approach based on ra infa ll include the analyses of Lamb 
(1978) and Nicholson (198"i) fo r west A frica , Chu (1933) fo r north-east 
Brazil and Kininmonth (1983) fo r northern A ustralia. The superposed 
epoch technique has also been applied t'> etu dy circulation differences 
over South A frica between wet and d ry  periods over a few days 
(T rleg a ard t and K its, 1963; Hofmeyr and Gouws, 1964), over a few  
months (R u b in , 1956, and over one or more years (Tyson, 1981). Certain  
cin u iatio n  adjustments have appeared consistently In all of these analyses 
and have become accepted as stanuard n.anifestations of the changes as­
sociated with the rainfall variations b y South African meteorologists. 
These changes Include a strengthening of the poleward meridional flow 
and a lowering of the surface pressure over the country during wet In 
comparison to during  d ry  spells, Lower pressures are associated with a 
deepening of the trough commonly located across the western In terior of 
ths country during  the summer months and with the formation or 
intensification of the cyclonic system over the western subcontinent at
" i
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about 20°S . O ver the nrrth -w estern  Tran 'ivaal, and presumably over 
the remainder of the summer rainfall region, lower pressures and higher 
ra infa ll are accompanied by reduced surface temperatures b u t raised 
dew -point temperatures (Hofmeyr and Gouws, 1964). In addition 
u p p er-a ir geopotontial heights tend to be anomalously low over the west 
coast and anomalously high o ver the east coast with the development of 
a climatological mean westerly wave with its axis in e vic in ity  of the 
west coast in wet as opposed to in d ry  periods (T rieg a ard t and Kits, 
1963; Hofmeyr a id  Gouws, 1964).
A simple alte rnative to the superposed epoch approach in the study of 
in terre lated  rainfall and circulation changes is to calculate correlations 
between ra infa ll and circulation parameters. Often principal component 
analysis is applied to the ra infa ll data p rio r to the calculation of the  
correlations (e .g . Kidson, 1975; Pittock, 1980). Statistical models of 
rainfall variations over South A frica usin$j indices of the latitude of the  
high pressure system o ff the east coast of Australia and of the Southern 
Oscillation have been developed through calculation o f appropriate cor­
relations with rainfall component scores (D y e r , 1976r, 1979a). C orre­
lations between rainfall and circulation parameters over the central 
in terior of South A frica are calculated by month in this Chapter to fo r­
mulate an overview of the systematic trends in the circulation accompa­
nying vary ing  ra in fa ll. Essentially similar results to those from a 
superposed epoch analysis are obtained but the correlation technique has 
one major advantage in th a t the temporal stru c tu re  of the circulation and 
rainfall Interrelationships through the year may be read ily dedi ced.
The study of the circulation changes accompanying rainfall variations is 
achieved in th ree steps. F irs t, correlations are calculated between 
ra infa ll and the circulation param eters. Secondly, harmon'c analysis is 
applied to  the correlations to Identify any temporal organisation th at may 
exist. T h e  annual rainfall cycle over the central in terior o f South A frica  
is controlled b y circulation changes regulated on both annual and 
semi-annual cycles and the harmonic analyses reveal systematic circulation  
variations on these cycles. F inally, the inter-annual phase stability of 
the annual and semi-annual cycles of the circulation is Investigated by 
calculation o f harmonics on annual (Ju ly to  June) i-ases. Th e objective 
Is to Id entify  those aspects of the circulation which remain of stable phasa
<
between years. Controls on the circulation associated with the cycles 
of stable phase are more readily identified than those associated with 
variabie-phase cycles and will form the foundations fo r the required  
models of the circulation variations. The technique permits discrimination 
of systematic tendencies on time scales ranging from one month to one 
y ear. Shorter and longer periods of systematic variations, such as the 
seven day cycle in the frequency of passagt: of Southern Hemisphere 
w esterly waves at a point f irs t  detected by Defant (1912) and confirmed 
to occur over western Australia by W right (1971) and over the coast of 
southern A frica (Preston-W hyte and Tyson, 1973), the quaii-bfennia l 
oscillation present in Southern Hemisphere zonal wir.d fields (T ren b erth , 
1980a), in tropical cloud cover (Zerefos and Repapis, 1979) and in South 
A frican secular rainfall variations (Tyson e t a ! ., 1975) and the 18-year 
cycle in rainfall over South A frica (Tyson, 1981), may not be treated
DATA
Monthly mean values of the tem perature, pressure or geopotential height, 
specific hum idity, d ry  and total static energy and zonal and meridional 
wind components at the surface and at the 850, 800, 700, 600, 500, 400, 
300, 200, 150 and 100 n b  levels, calculated from the Bloemfontein 
radiosonde data, have been used. M onthly mean values of the 
preclpitable w ater and of a thermodynamic stability index have also been 
estimated. Calculations of correlations between rainfall and the above 
circulation parameters have been made both with parametric and with 
non-parametric measures. Essentially similar results are obtained from  
either set o f calculations b u t only the non-parametric (Spearman) results 
will be presented as these are more representative of trends for 
non-normaily distributed  data as is the case with monthly .dinfall total;-, 
during  the w in ter season.
ATMOSPHERIC STRUCTURE CHANGES W ITH VARYING RAINFALL
Temperature decreases in the boundary zone with increasing rainfall in 
all months (Table 8 -1 ) .  Above the boundary zone the relationship be­
tween *ainfBll and tem perature is inverse at most levels In May, August, 
October and December but in the remaining month:- it is often d irect,
Table 8 -1 . Values o f .•(/'.'r correlation coefficients be­
tween ra in fa ll In  the western Orange State and tem psratcre 
a t various levels In the atmosphere at Bloemfot” * 1”  {:'• th*. v  !- 
umns) fo r each month of the year (In  the rows) fo r the penoc 
1968 to 1977. Negative correlations. Indicating decreased tem­
p eratures In  w etter months, are  stipp led . A sterisks Indicate 
significance levels: *  -  b etter than 10 p er  cent; * *  -  b etter than 
5 per cent; * * *  -  b e tter than 1 per cent.
particu larly In the barotropic zone. The year may be split into two halves 
in terms of correlations between pressure and ra in fa ll. During the second 
half of the ye ar, from July to December, pressure decreases with in ­
creasing rainfall at most levels In most months (Table 8 -2 ). From January  
to June, however, the relationships between pressure and rainfall are 
generally d ire c t. Comparison of Tables 8-1 and 8 -2  indicates that above 
th e  boundary zone thermodynamic changes are quasi-barotropic in th a t  
ra infa ll correlations with both heights and temperatures tend to be of the 
same s’gn b u t in tb<? f irs t  half of the year in the boundary lone the 
changes are prim arily baroclin ic. Specific humidity and precipitable water 
increase with rainfall in all months (Table 8 -3 ) .  I t  has been suggested 
th a t the re lative humidity might be underestimated by the instrument 
flown on the radiosondes used at Bioemfontein since June 1974 (T aljaard,
Table 8 -2 . As Table 8-1 but for pressure (a t  the surface) and 
geopotentlat heights (a t all other le ve ls ). S tippling denotes de­
creased pressure In  the w etter months.
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To6/e 8 -3 . /4s Tab le 8-1 b u t fo r  s p e c ific  h u m id ity  and
p re c lp ita b le  w a te r . S t ip p lin g  denotes decreased s p e c ific  h u m id ity
In  th e  w e tte r  m onths.
PRESSURE LEVEL
sun 850 800 700 600 600 400 300 PW
J 0.10 0.37 D.OB 0.10 0.10 0-13 0.28 0.07 0.03
A 0.52 0.44 0..I0 n « 0.S4 0.S2 a.is
s 0.33 0.37 0.21 0.33 0.53 0.22 0.27
0 0.45 O.M O.M O.-i! 0.32 -0.15 D.OB -0.21 0.39
N 0.47
£ » 0.45 0.42 0.21 0.15 0.18 0.02 0.13 0.28
j o!gi 0 % o!5i 0.J4 o.iS o.M o.» 0.5& 0:m
F O.M 0.42 a .ia ■0.09 0.33 °-23 0.20 0.18
M o ’k 0*79 0.71 0.61 0.50 0.36 0.32 0 -5 0.75
A 0.02
M o! s4 oJ4 o.H otM 0.30 0.49 0 20 o!84
0.71 - -0 .2, o .ie
1983). The la te r p art of th e  1968 to 1977 period was, however, generally 
w etter than the earlier pa»*t and thus an underestimation of the moisture 
c jn ten t In the la ter period would have tended to weaken the values of 
the correlations of TaM o 8 - j .
As rainfall Increases so d ry  static energy in the boundary zone decreases 
and In the barotroplc zone (in  moot months) increases (Tab le 8 -4 ) .  In 
terms of atmospheric energy contents, there fore , the boundary zone in­
creases in pressurti with ra infa ll in th e  f irs t  half of the year are more 
than offset by th e  tem perature decreases. Patterns of the correlations 
between ra infa ll and the d ry  static energy reflect those fo r correlations 
with temperatures ra th er than those with heights Indicating that tem­
perature changes fire not fu lly  compensated b y appropriate thickness 
changes. Correlations between rainfall and total static energy (Table
<
Table 8 -4 .  /4s Tab le 8-1 b u t  fo r  d r y  s ta tic  e n e rg y . S tip p lin g
denotes decreased e n e rg y  In  th e  w e tte r  m on ths.
8-5 ) In the boundary and lower barotropic zones in most months are 
positive rather than negative as fo r the corresponding correlations with 
the d ry  static energy. Total energy content thus increases in these 
levels with ra in fa ll.
W esterly components o f the zonal winds in the boundary zone at 
Bloemfontein weaken in most months as rainfall increases indicating that 
low-level easterly winds become more common In the w etter months 
throughout the year (Table 8 -6 ) .  Above the boundary zone signs of the 
correlations va ry  such that in the summer months of January to  March 
and in May, September and October wind speeds are normally inversely  
correlated with rainfall whereas in the remaining months the relationships 
are d irect at most levels.
Table 8 -5 . As Tab le 8-1 b u t fo r  to ta l s ta tic  e n e rg y . S t ip p lin g
denotes decreased e n e rg y  In  w e tte r  m onths.
PRESSURE LEVEL
One of the fundamental tenets o f South African meteorology is th at the 
poleward flow across the country is stronger iij w et than in d ry  periods. 
D irect calculations of th e  correlations between the meridional wind speed 
and rainfall over the western Orange Free State confirm the va lid ity  of 
the tenet but only fo r certain levels during  specific periods of the year 
(Tab le 8 -7 ) .  Above the boundary zone poleward flows in tensify In the 
w etter months centred on February and August when the flow is poleward 
(F ig . 4 -6 )  b u t weaken in the months centred on May and November when 
the mean flow is equatorw ard. In the boundary zone itse lf the poleward 
component of the flow Increases with rainfall in most months as expected 
according to the tenet but correlations are weak In most months and 
negative In fo ur including the summer months of February and March.
Table 8 -6 . /Is  Table 3-7 b u t fo r zonal wind speeds. Stippling  
denotes decreased w esterly components In  w etter months.
PRESSURE LEVEL
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HARMONIC ANALYSES OF THE CORRELATION FIELDS
Positive and negative ct.-relations between rainfall and temperature, 
pressure, d ry  and total static energy and meridional component are 
clustered in the high and transitional seasons respectively, particularly 
In the barotropic zone. The second harmonics of t l ' t  d istributions of the  
tem perature correlations with rainfall contribute b o ' 15 and 60 per 
cent of the variances at all levels above 600 mb ( r ig , S - lb ) ,  In the 
barotropic zone highest positive correlations Between temperature and 
rainfall occur in late Ja n u ary /early  February and late Ju ly /e arly  August 
at the times of the poleward meridional wind maxima (F ig . 4 -6 ) .  Only 
at 200 mb does the second harmonic explain a major proportion of the 
variance of the mean temperature Itself (F ig . 4 -2b) with a phase con-
Table 8 -7 . As Table 8-1 but fo r meridional wind speeds. 
Stippling denote? Increased equatonvard components In wetter 
months (c f . ~igure 4 -6 )..
SUR 850 000 700 600 500 400 300
J 0.00 -0 .M ■0.3B ■0,33 0.13 -o .a | 0.05
A 0.41 0.13 o ,u 0.41 0,40
« 0.19 O.IS O.IS D.33 O.Jl 0.03 0.32
o * . » -o.4a -4.es ■9XS • M 0,04
N 0.36 0.09 0.44 • e . * •CM) 0.19
| D 0.31 0,14 0.49 0.07 0,38
0 .M 0 4. n ’ H
•F ■ fc» o .ia
M o . » - f t # 0.36
* 0.02 0.64 e.22 O.IS 0.39 o.os
M 0.02 0,08 0.28 0.05 0.04 0.04
Jo .« 0.20 0.03
sistent with that of the second harmonic of th e tem perature correlations 
at the same level. A t all levels in the barotropic zone the h alf-year cycle 
in the tem perature correlations Is approximately in phase with that a t 200 
mb. In the boundary zone th e  maximum 'T  the f irs t  harmonic is in w inter 
as a resu lt o f the statis tica lly significant negative  correlations of the 
summer months but th e  phase reverses into th e barotropic zone such that 
a summer maximum is present at 300 mb (F ig . f f - la ) .  Above 200 mb, in 
the stratospheric jet-stroam  zone, phase angles of the f irs t  two harmonics 
reverse from those in the barotropic zone, as also occurs fo r the corre­
sponding harmonics o f the tem perature itse lf at these levels (F ig . 4-2a 
and b ) . Thus whereas mean tem perature Is modulated prim arily on a 
dominant annual cycle correlations of te' es with rainfall in the
barotropic and je t-stream  zones ad on large-amplitude
semi-annual In addition to annual cy t . possible therefore that
Figure 8 -1 . Results a t  U<irr •nie analyses o f Spearman cor re
lotions with ra in fa ll o f monthly mean tem perature, geopatentlal 
height and specific hum idity a t  B Iw .M o n td n : a )  1st. harmonic
of tem perature; fe) 2nd, harmonic o f le m p jra tu re ; c )  1st. h ar­
monic of geapotentlal height; d ) 2nd. harmonic o f geopotential 
height; e ) 1st. harmonic of specific h um id ity; f )  2nd. harmonic 
of specific hum idity.
i
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large-amplitude modulations of tem perature on semi-annual cycles occur 
in Individual years.
N either of the f irs t  two harmonics account fo r more than 40 per cent of 
the variance of the pressure correlations at any level (F igs. 8-1e and 
d ) . Maxima at levels at which in excess of 10 per cent of the variance 
is captured by e ither harmonic generally occur in February such th a t at 
200 mb height Increases with rainfall on the second harmonic occur in the  
periods of peak poleward flow. No reversal of the phase of e ither of the  
higher two harmonics of the height correlations, as of the mean heights 
themselves (F ig . 4-2c and d ) ,  occurs Into the stratosphere. As for 
temperatures semi-annual cycles of pressure may therefore occur in in ­
dividual years. Both the annual and semi-annual cycles of the variations 
are baroclinlc in both the boundary and stratospheric je t-stream  zones 
but quasi-Parotropic in the barotropic zone ( r ig . 8-1a to d ) .
At most levels much of the varlar > the d istribution of the correlations 
between rainfall and specific *• , resides in the h igher harmonics
(F ig . 8-1e and f )  b u t it  is ,>ar w hether this is a reflection of real 
phenomena or o f noise in the signal. In the boundary zone m id-February  
maxima occur on the f irs t  harmonic. Around 500 mb the second harmonic 
explains over 30 p er cent of the variance such that h igher moisture 
contents occur in the periods o f mean poleward flow. Semi-annual cycles 
therefore probab 'y also occur in the moisture d istribution as in those of 
tem perature i pressure in individual years. Close to 55 per cent of 
the variance l  ne preclpitable water correlations distribution is captured  
by the f ifth  harmonic. Less than one per cent resides on the second 
harmonic and only seven per cent on the f irs t with a maximum on 1 
February, the date of the maximum of the R,:r.ual preclpitable water cycle.
Results of the harmonic analyses of the -.r-, static energy correlations 
(F ig . 8-2a and b) resemble those of the zamperature ra ther than those 
of th e  height correlations. No phase re - . ai from the boundary to the  
barotropic zone of the f irs t  harmonic f  1 total static energy occurs 
such that midsummer maxima In the co m . ./ -v. between rainfall and total 
static energy are present throughout t: posphere (F ig . 8 -2 c ). In
the barotropic zone phase angles of th ’.- ^  vnd harmonics of both d ry  
and total static energy are such th a t ma-imM occur In the months of peak
1
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Fig u re  8 -2 . As Figure $-1 b u t for.' o ) 1st. harmonic o f d ry  static 
energy; b )  2nd. harmonic of d ry  static en erg y; c )  1st. harmonic 
of total static energy; d )  2nd. harmonic of total static energy.
mean poleward flow (F ig s. 8-2b  and d ) . There appear therefore to be 
important modulations of all thermodynamic parameters in the barotropic 
and je t-stream  zones on semi-annual cycles In individual years, modu­
lations which are  approximately In phase and are possibly related to  
meridional circulation changes on th e  cycle.
No marked second harmonic in the correlations between rainfall and the 
zonal component is present at most levels (F ig . 8-3a and b ) .  Only at 
850 mb Is In excess of 30 per cent of the variance explained by the second 
harmonic with a corresponding rainfall season maximum on 1 December. 
On the f irs t  harmonic maxima occur In the w inter months, i .e .  the
- t ie r 3 <-i r
u «i H « «• ei
■1
Figure  8 -3 . As Figure 8-1 but fo r: a )  1st. harmonic o f zonal 
component: b )  2nd. harmonic o f zonal component; c )  1st. h a r­
monic of meridional component; d )  2nd. harmonic of meridional 
component.
strongest negative correlations indicative of stronger easterlies in the 
w etter months were present in the rainfall season. The major portion  
of the variance is accounted fo r by the th ird  harmonic throughout the 
atmosphere. In excess of A per cent of the variances of the meridional 
component correlations is accounted fo r by the second harmonics at all 
levels and in excess of 60 p er cent at 500 mb (F ig . 8 -3 d ) . A phase 
reversal occurs between the boundary and barotroplc zones but above 
700 mb maximum positive correlations occur In m id-February and 
mid-August In phase with the equivalent wave on the meridional compo­
nent itse lf. In the w etter high seasons the poleward flow Is thus in ­
tensified b u t in the w etter transitional seasons the equatorward flow
* T % " ,
intensifies. Thesi changes are in phase with those of the thermodynamic 
parameters on the semi-annual cycle. Maximum correlations on the f irs t  
harmonics indicating increased poleward flow, which account fo r up to 
23 per cent of the variance (a t 200 m b), occur generally in the rainfall 
season (F ig . 8 -3 c ).
'*#1|
S T A B IL IT Y  OF THE ANNUAL AND SEMI-ANNUAL CYCLES
The stability o f the phases o f the annuel and semi-annual cycles of se­
veral circulation parameters have been Inspected. Results help determine 
w hether the phase ang'"s given in Figures 8 -1 , 8-2 and 8-3 are repre­
sentative fo r all years and indicate w hether in ter-annual changes in the 
meridional component on the semi-annual cycle may account fo r the similar 
changes in the thermodynamic parameters. Harmonic analyses of 200 mb 
meridional components and 200 and 300 mb temperatures made on annual 
bases will be discussed in d etail. The „ .as* angles of the annual 200 
mb tem perature cycles vary  across about 180° or six months such that 
yearly maxima occur throughout the warmer months of the year (F ig . 
8 -4 ). Between 3 and 03 per cent of the variances are explained by the  
f irs t  harmonics in individual years. Phase angles of the second har­
monics, with one exception, va ry  across only 60° or one month with  
rainfall season maxima between 10 January and 10 February. Explained 
variances are in the range 0 to 63 per cent. The large-ampiitude second 
harmonic In the mean data (F ig . 4 -2 b) results therefore from the stability  
of the phase of th e  second in relation to th at of the f irs t  harmonic rather  
than from the dominance o f  the second harmonic in all years. Below 200 
mb only a weak second harmonic is present in the mean data whereas the  
harmonic explains up to 35 per cent of the variance of the correlations 
with rainfall (F ig . 8 -1 b ). In Individual years the temperature at 300 
mb is subjected to  marked h alf-year cycles, the amplitudes of which In ­
crease in the w etter years. Phase angles of the f irs t  harmonics of 300 
mb tem perature cycles va ry  only across 30° or one month with maxima 
centred at 20 January and of the second harmonics across 90° or 
one-and-a-half months with rainfall season maxima between 20 January
4
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Figure  8 -4 , Phase angles o f the annual f >r lid  blocks) and 
semi-annual (open blocks) cycles o f the ’ OOmb temperature 
(o rd in ate) and meridional w ind speeds (abscissa) fo r  th e Ju ly  to 
June years from 1968/69 to 1976/77. The diagonal line marks the 
locus of equal phase angles. Dates corresponding to  the maxima 
are  as fo r  F igures 8 -1 , 8-2 and 8 -3 .
and 10 March. Up to  28 per cent of the variance is explained by the 
second harmonics as opposed to  between 66 and 91 per cent by the f irs t  
harmonics. T he relative stability of the phases of the annual cycles 
ensure th e ir dominance in the mean data and conceal the presence of
Fig u re 8-5 (opp o s ite ). Phase angles o f, amplitudes of (m s-1) 
and variances explained (p e r cent) b y  the f irs t  ( a ) ,  c ) and e) 
respective ly) and second harmonics ( b ) ,  d )  and f )  respective ly) 
o f the 200 mb meridional w in d  speed a t  Bloemfontein fo r  each of 
the July  to June years between 1968 and 1977 against corre- 
spondlng annual ra in fa ll over the western Orange Free State. 
Phase angles are marked w /th  the dotes o f maxima (an n u al) or 
summer maxima (sem i-annual). Circled crosses opposite the 500 
mm ordinate mark corresponding values fo r the In tegra l 10-year 
p erio d . Values o f the Pearson (u p p e r) and Spearman (low er) 
correlation  coeff/c/ents ( r )  are given In c) to f ) .  Significance 
levels of the coefficients are given In brackets ( 'N S 1 Is Not S ig­
n ifica n t).
modulations of the temperature on semi-annual cycles in individual years. 
Similar inferences apply to pressure, specific humidity and d ry  and total 
static energy at levels at which the f irs t  harmonics are dominant in the 
total period but large amplitude second harmonics are present in the 
correlations with ra in fa ll.
Phase angles of the annual waves of 200 mb temperature and meridional 
wind speed vary  markedly between years so that in some years the two 
agree to within a few degrees but in others d if fe r  by almost 1806 (F ig . 
8 -4 ). With one exception phase angles o f the semi-annual waves, on the  
other hand, agree to within 60° (one month) in all years. The exception 
occurs in a year in which the amplitude of the second harmonic of tem­
perature is re latively small so that a possibly inaccurate estimate of the  
phase angle has been made. CSose similarities in the phase angles of the 
second but not of the f irs t  harmonic indicate th at thermodynamic changes 
on the former but not on the la tter harmonic are related to changes in 
advection resulting from a modified meridional circulation. Phase angles 
for e ither harmonic are not d istributed in any systematic manner as 
raitvfall varies (F ig s . 8-5a and b ) b u t there are affilia ted  systematic 
changes in the amplitudes and variances explained by the second h ar­
monics (F ig . 8-5c to f ) .  Correlations (both Pearson and Spearman) have 
been calculated between ra infa ll and th e  amp’ituden and the explained 
variances of the higher two harmonics of both t *  and meridional
wind speed at 200 mb. Both the amplitude *he variances ex ­
plained by the f irs t  harmonics of the tempera', , tend  to  decrease
in the years of h igher rainfall although the coi ..ions are not statis­
tically s ignificant. Similarly weak negative trends are present between 
rainfall and both the amplitudes of and the variances explained by the 
f irs t  harmonics of the meridional component (F ig . 8-5c and e ) . Rainfall 
is, however, significantly positively correlated with th e  amplitudes of, 
and at a lower level af significance with the variances explained b y , the 
second harmonics of the meridional wind speed (F ig . 8-5d  and f ) .  Pos­
itive but non-significant tendencies also occur between rainfall and the 
parameters o f the second harmonics o f tem perature, The amplitudes of 
the semi-annual cycles of tem perature and of th e  meridional component 
thus Increase with ra in fa ll. Inspection of data fo r Individual years in ­
dicates that the amplitude of the semi-annual cycle of the meridional 
component is grea ter then th at of the annual cycle in the w etter years 
whereas the relationship reverses In the d rie r years.
DISCUSSION
Systematic circulation changes with vary ing  rainfall are both temporally 
dependent through the year and dependent on the level in Ihe atmosphere 
over the central in terior of South A frica . Some of the directions of the  
circulation changes indicated by the present results are inconsistent with 
those revealed in the earlier superposed epoch analyses. Based upon 
results o f the earlier analyses in ‘ e lower atmosphere it may be expected  
th a t higher rainfall over the central in terior of South A frica is accompa­
nied by decreased temperatures and pressures, increased moisture and 
intensified poleward flows (Rubin, 1956; Triegaardfc and K its, 1963; 
Hofmeyr and Gouws, 1964). Temperatures in the boundary zone at 
Bloemfontein decrease in the w etter years In all months (Table 8-1 ) but 
pressures increase in the January to June months (Table 8 -2 ). Poleward 
components increase with rainfall in eight months only (Table 8 -7 ) .  In 
wet months the flow becomes increasingly anticyclonic over the 
north-eastern regions of South A frica according to Hofmeyr and Gouws 
(1964), Miron and Lindesay (1983/ and Miron and Tyson (1084). Wet 
period circulation over the western Orange Free State is thus anomalously 
no rtherly  and easterly, anomalies consistent with low-level circulations 
of ra in -bearing  systems (F ig . 2 -1 5 ). Easterly components increase with  
the rainfall in most months (Table 8-6 ) as do northerly components (Table  
8 -7 ) ,  results supportive o f the concept of an intensified anticyclonic 
circulation. Higher pressures In the w etter months of the f irs t  half of 
the year may be the result of the anomalous anticyclonic circulation. 
Confirmed positive surface pressure anomalies developed over the eastern 
subcontinent m th e wet months of January to March 1974 (Tal)aard , 1981a 
-  his Figures 22 to  24) and of January 1978 (Miron and T yson, 1984 - 
th e ir  Figure 2 ) .  Moisture originating over the western Indian Ocean and 
carried In the flow around the high pressure cell accounts fo r the in ­
creased specific humidity values (Table 8 -3 ) .  Systematic cooling of the 
ailr during Its passage over the subcontinent through evaporation of 
precipitation and through injection of cool mld-tropospherlc a ir  by 
thunderstorm  downdraughts In addition to radiative effects may account 
fo r  the lower tem peratures. Poleward flows are , however, weaker in the 
w etter months of February, March, July and October, changes not d i­
rectly  Indicative of an intensified anticyclonic circulation. Circulation
changes In the boundary zone thus involve variations in the locations and 
intensities of the major features of the circulation, Including the high 
pressure system over the east coast and the central tro u gh , which may 
not be resolved with data from a single station.
In the upper troposphere poleward components increase with the rainfall 
according to Triegaardt and Kits (1963), Hofmeyr and Gouws (1964), 
Miron and Lindesay (1983) and Miron and Tyson (1984) and the moisture 
content is unrelated to ra infa ll according to Hofmeyr and Oelsehig (1985) 
and McGee (1970). Moisture increases with ra infa ll (Tab le 8-3 ) and only 
in th e  high seasons is the poleward component stronger in the w etter 
months. The anomaious flow Is equatorward in the w etter transitional 
seasons (Table 8 -7 ) .  I f  the ageostrophic flow in th e  boundary zone is 
ignored then th e  changes In th e  meridional circulation are Indicative o f 
In tensified Hadley and Ferret Cells in the w etter high and transitional 
seasons respectively. Changes in the toroidal circulations of similar 
senses to those in the integra l circulation are  also found in xhe mean 
circulations of both the rain and the no rain days in the w etter periods 
(see Appendix J ) .  Frequency adjustments o f the rain and no rain days 
may therefore not account alone fo r the changes in the toroidal c ircu­
lation. Rather there are systematic changes to th e  circulation such that 
th ere  is a stronger Hadley Circulation on a dally average in the w etter 
than in the d r ie r  high seasons and a stronger Ferrel Circulation on a 
d aily average in the w etter than in the d r ie r  transitional seasons. Two 
Important modes of circulation variations over the central In terior of South 
A frica have th erefore been identified . F irs t, the sense o f the dominant 
toroidal circulation cell associated with higher ra infa ll varies on a 
semi-annual cycle through the year. Changes remain of stable phase In 
all years. Consequently the atmospheric dynamics linked to the rainfall 
variations are seasonally dependent. Secondly, within any season the 
dominant meridional cell is Intensified In the w etter years and thus so 
are those aspects of the general circulation forcing a particu lar cell. 
Changes in the toroidal circulation cells result in changes to the 
thermodynamic parameters In the barotropic zone such that increased 
tem peratures, geopotentials and moisture concentrations occur with an 
anomalous Hadley Circulation.
FIRST COMPONENT
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Figure  6 -6 . Fields of the f irs t  two principal components of 
tropical ra in fa ll a fte r  Kldson (1075).
The differences fn the sense o f the wet-period  anomalous toroidal circu­
lation between seasons denote an unusual feature of circulation changes" 
over South A frica associated with above-normal ra in fa ll. Augmentation 
of the Hadley Circulation doas not normally result in increased subtropical 
rainfall in longitudes close to that o f the heat source because of the 
consequent amplified subsidence in the latitude 15 to 30° zones. The 
opposition of equatorial and subtropic'! anomalies over the central Pacific 
Ocean and over South America is illustrated in Kldson's (1975) f irs t  two 
principal components of low-latitude rainfall (F ig . 8 -6 ). Opposition of 
anomalies also occurs in the A ustralian region on the second component 
b ut on neither component are anomalies over any two regions of A frica 
south of 10°S (the region which Includes the heat source related to the 
A frican bands) reversed. Nicholson (1986) has confirmed th at anomalies 
over the subcontinent south o f 20°S are coherent. Positive subtropical 
rainfall departures tend to be associated with weaker Hadley Circulations, 
a situation which occurs over the central in terior of South A frica only 
in the transitional seasons. Rainfall over tropical A ustralia, fo r example, 
was exceptionally high in January 1974 In association with a Ferrel C ir ­
culation anomaly at 130°E. A lternatively in January 1973 and January 
1975, when rainfall was close to  average, a Hadley Cell anomaly was 
present along the same meridian (A llan , 1983). Fu rther, the d ry  month 
of February 1965 In northern Australia was associated with a strengthened
Hadley Circulation but the toroidal circulation anomaly reversed during  
th e  following unusually wet month (Kinlnmonth, 1983). For South America 
modelling studies have Indicated th a t drought over north-east Brazil re­
sults from descent within a Hadley-type circulation cell (Moura and 
Shukla, 1981), Inferences supported by d irect observations (Chu, 1983). 
The intensification o f the Hadley Circulation across southern A frica in 
the w etter high seasons is thus an uncommon feature of the circulation 
variations.
Because of the differences in the dynamics of the toroidal circulation 
between seasons and because of the stability of the phase of the  
semi-annual cycle o f the barotroplc zone meridional flow circulation  
changes forcing the semi-annual cycle represent major components o f the 
controls on the rainfall variations over the subcontinent. A ppropriate 
features include energy and momentum generation over tropical A frica 
and the location o f the Atlantic standing wave (F igs. 7-10, 7-11 and
7-1 2 ). A simple test of the relevance of changes in the location of the 
Atlantic standing wave to the observed toroidal circulation changes over 
the central in terior of S' j  h 4- •p.r may be made by inspecting changes 
in the phase angles and amplitudes of the f irs t  two harmonics of 200 mb 
heights at the coastal stations of Alexander Bay and Durban in relation 
to rainfall over the western Orange Free State. Phase angles in all cases 
were stable between years. Amplitudes of the f irs t  harmonics at both 
stations and of the second harmonics at Durban are not significantly 
correlated with rainfall (F ig . 8 -7 a , c and d ) .  A t Alexander Bay, how­
ev er, amplitudes of the second harmonics are significantly correlated with 
rainfall such that amplitudes Increase in the w etter years (F ig . 8 -7 b ). 
Enhanced longitudinal displacements of the A tlantic wave th erefore occur 
such th at the wave is displaced anomalously westward and eastward, with 
consequently reduced and increased influences on the circulation over 
the central in terior of South A fr ica , In the w etter high and transitional 
seasons respectively. Heights at A lexander Bay tend to be higher than 
those at Durban in the d ry  periods and lower In the wet periods in accord 
with the positioning of a trough over the west coast in the la tter periods 
f irs t detected by Trlegaardt and Kits (1963) and Hofmeyr and Gouws 
(1964).
Figure  8 -7 . As F igure 3 -5  but fo r the amplitudes o f the f irs t  
two harmonics o f 200 mb heights at A lexander B ay (a )  and b )  
respectively'} and D urban  (c )  and d ) resp ective ly ).
Adjustments to the thermodynamic structure of the barotroplc zone result 
In changes to the stability of the atmosphere indicated by adjustments 
to the vertical profiles o f the d ry  and total static energies. In terms 
o f the vertical bipolar nature of the d ry  static energy correlations (Table
8 -4 )  th e atmosphere becomes increasingly statically stobte in the w etter 
months. An example of the change in the vertical energy structure fo r 
two months of January, one wet and one d ry . Is given in Figure 8-8 . 
In all months th ere fo re , with the possible exceptions of May, August, 
October and December in which the energy content decl'ne with Increasing 
ra infa ll a t aii levels up to at least 300 mb, the mean atmosphere becomes 
more characteristic of th a t o f the temperate ra th er than th a t of the 
tropical latitudes during  the wetter periods. Thus the majority o f the 
disturbances providing rainfall over the western Orange Free State are 
barocllnically unstable. Barocllnlc structures are present in the mean
—  JANUARY 1974
i~3-}0 350"
Jkg ’ * 103
Fig u re  6 -8 . Vertica l profiles o f d ry  and total s tatic energy for 
the d ry  month of January 1969 and the wet month of January  7974 
over the western Orange Free S tate.
fields o f ra in -bearing  systems (Harangozo, 1986) and were associated with 
several tropical-tem perate troughs studied in detail.
Vertica l profiles of the to ta l static energy are useful as indicators o f the 
degree of thermodynamic stability of the atmosphere and indices derived  
from the profile have been employed to aid forecasting of severe 
convective storms. Severe storms tend to  develop in atmospheres with  
re latively  tow values o f the total s tatic energy in the mid-troposphere 
above high values in the lower atmosphere and hence one such index is 
the difference between values of the total static energy at 850 (above the 
boundary layer in the G reat Plains of the United States) and 500 mb 
(Darkow , 1968). Equivalent but more sophisticated measures of 
thermodynamic Instab ility have been proven efficacious in discrim inating  
between atmospheric structures associated with d ry  weather and with 
vary ing  types o f convective clouds and rainfall in several areas o f the  
World Including Venezuela (B etts , 1974) and eastern Canada (Zawadzkl 
et a / . ,  1981). A t Bloemfontein in January values o f the to ta l static en­
ergy increase a t  most levels such th a t no immediately ev ident adjustment 
in conditional stability occurs in wet as opposed to d ry  months (F ig . 8 -8 ). 
Changes in th e stability with va ry in g  rainfall have there fo re  been de­
termined using a Darkow  index modified to allow fo r the high elevation 
of th e  western Orange Free Stat Th e index used Is th e  difference
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between the energy values at fiOQ and 500 mb. During most rainfall 
season months and May and June correlations between the modified index 
and ra infa ll r  -- positive indicating that enhanced conditional instab ility  
accompanies f . j . i e r  rainfall to ta ls. In the remaining months the atmos­
phere tends to be-im e additionally stable as rainfall increases. Harmonic 
analysis of the correlations between rainfall and the Darkow index reveals 
th a t highest positive correlations on the f irs t  harmonic occur on 23 Feb­
ru ary  and on the sernnd harmonic in summer on 23 January. Maxima in 
the correlations occur ax the time of peak poleward flow in the barotropic 
zone and th e  dates correspond with that of the peak thermodynamic In ­
stability in the integral cycle (20 Ja n u ary ), H igher summer rainfall ac­
companies therefore both decreased thermodynamic and baroclinie 
s tab ility .
CONCLUSIONS
Details o f th e circulation changes accompanying the rainfall variations 
over th e  central in terior of South A frica d iffe r both between the distinct 
levels o f the atmosph'. e and between the Individual seasons of the year. 
In the boundary zone tem perature decreases, specific humidity increases 
and w esterly components weaken in the w etter months throughout the 
ye a r. Pressure decreases in the second half of the year only whereas 
the direction of the meridional component anomalies varies through the 
ye ar. In the barotropic and jet-stroam  zones signs of circulation anom­
alies in w etter months are seasonally dependent. Harmonic analyses in ­
dicate th a t correlations with ra in fa ll are modulated on both annual and 
semi-anm:al cycles. Phase angles o f the second harmonics o f the corre­
lations are consistent for all o f the thermodynamic parameters and fo r  the  
meridional circi'latlon in the barotropic zone. F u rth e r the phases o f the 
second harmonics o f these parameters remain stable between years inde­
pendent o f rainfall b u t amplitudes of the harmonics increase in the wetter 
years, Phase angles are such th a t values of the thermodynamic param­
eters Increase In the w etter months when the poleward flow Is intensified, 
a result Indicative o f close associations between the thermodynamic pa­
rameters and the meridional circulation related to changes in advection.
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Changes in the stability of the atmosphere resulting In part from the
differences in the advection of heat are such that both barocllnic and
thermodynamic instability I-"crease In the w etter ra in fa ll season months.
One Important consequence of the quasi-stable phase of the semi-annual 
cycle o f the toroidal circulation is that higher rainfall is associated with 
an intensified Hadley Circulation in the high seasons and an intensified  
Ferrel Circulation in the transitional seasons. N either anomalous circu­
lation results simply from frequency changes of rain and no rain days 
b u t also from appropriate intensifications of either circulation typ e on 
both rain and no rain days. Th e dynamics of th e had ley and Ferrel 
Circulations are somewhat d iffe ren t and therefore the vacillations between 
th e  anomalies of the two circulations indicates th at the atmospheric d y­
namics forcing the ra infa ll variations change through the year. Longi­
tudinal displacements of the standing wave over the Atlantic Ocean in 
p art force the changes in the meridional components,
An overview of the circulation changes associated with vary ing  rainfall 
over the central in terior of South A frica has been developed. It  has been 
demonstrated th at the circulation and rainfall interrelationships vary  ac­
cording to season and thus models of the controls on the rainfall v a r i­
ations must be developed fo r each season. In particu lar the models must 
take into account circulation changes on the semi-annual cycle of the  
meridional circulation. Adjustments In features of th e  general circulation 
forcing the semi-annual cycle in the meridional component, together with  
those features cont-olling the annual cycle of the circulation and of the  
ra in fa ll, are of major importance in the determination of rainfall anomalies 
across the subcontinent.
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CHAPTER 9
TROPICAL-TEMPERATE TROUGHS AND THE SOUTHERN OSCILLATION
INTRODUCTION
Circulation differences between wet and d ry  periods over the central 
in te rio r of South A frica may be forced by changes at e ither or both of 
tropical and temperate latitudes. On the basis of observed reduced 
pressures Rubin (1956) proposed th at the subtropical anticyclones retreat 
from South A frica during  the wet summers and th a t higher rainfall results 
from an increased influence from westerly troughs. This concept of 
temperate circulation controls on the rainfall w=!S extended by Tyson 
(1981). A lternatively Hof may r and Gouws (1964) provided evidence that 
the prime circulation changes associated with the summer rainfall va ri­
ations occur to the north of the country in the tropical belt. Results 
from the most comprehensive relevant investigation to date indicate that 
the dominant circulation changes controlling the rainfall fluctuations vary  
spatially across the country with tropical controls prevailing over the 
northern parts and e ither subtropical or temperate controls elsewhere 
(Tyso n , 1984). O ver the central in terior of South A frica the bulk of the 
rainfall in the October to April period comes from tropical-tem perate 
troughs. The circulations et both tropical and temperate latitudes p ar­
ticipate in the formation of these troughs and hence the inferences by 
both Rubin (1956) and Hofmeyr and Gouws (1964) may be correct.
Certain features of the circulation anomalies over the central in terior of 
South A frica in the w etler months do not conform, however, with the 
models on which the propositions of increased tropical and temperate 
circulation influences were based. These features Include increased 
surface pressures in the f irs t  half of the year and reduced poleward 
components in certain months. Comparison of deviations from the mean 
circulation at Bloemfontein associated with tropical-tem perate troughs
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(Harangozo, 1986) with " ,!,j  departure fields developed in Chapter 8 
reveals th at broad  similarities ex is t in most ra infa ll season months. 
Changes in frequency of and hence in rainfall from the tropical-tem perate  
troughs may thus account fo r many aspects of the associated total rainfall 
and circulation changes over southern Africa.
Rainfall departures over many parts of the globe are modulated with the 
Southern Oscillation (Kidson, 1975; W right, 1977). A review of the 
properties and causal mechanisms of and of the global circulation tele­
connections with the Southern Oscillation is given in Appendix K. 
Rainfall over the central In terior o f South A frica is affected such th at it 
is above normal in Southern Oscillation high phase periods (Stoeekenius, 
1981; Schulze, 1983; Lindesay e t o / . ,  1986; Lindesay, 1986). High phase 
periods are marked by decreased and increased pressures in the 
Indonesian region and South Pacific Ocean anticyclone respective})'. The  
longitudinal location of the major cloud band in the South Pacific Ocean 
is modulated according to the phase of th e Oscillation such th at it  lies 
fu rth e r  west in high phase periods (S tre ten , 1975; T ren b e rth , 1976; 
W ebster, 1981; Pazan and M eyers, 1982; Liebrnann and Hartmann, 1982; 
Lau and Chan, 1983a). Similar longitudinal displacements of the 
tro p ic il-tem pera te  troughs and th e ir  associated cloud bands in the 
southern A frica region also occur (F ig . 2 -6 ) such th at they are displaced 
westward in the w etter periods o ver South A frica and thus In high phase 
periods. Shifts o f the troughs and hence of the standing waves between 
southern A frica and Madagascar may therc iore represent a major mode 
of behaviour of the atmosphere related to the rainfall fluctuations and 
may in tu rn  be associated with circulation changes linked to the Southern  
Oscillation. In this Chapter the Importance of ra infa ll anomalies from  
tropical-tem perate troughs in the determination o f departures over the 
central in terior of South A frica will be examined. Statistics of trough  
locations in the southern African and Madagascan regions are also de­
veloped and ra infa ll anomalies studied within a framework of locations over 
either region. F inally, statistical relationships between rainfall and 
trough locations with an index of the Southern Oscillation are calculated 
to determine if  rainfall anomalies and trough displacements may be linked  
to circulation changes between the high and low phases of th e Oscillation. 
In o rd er to  fac ilitate in terpretation  calculations are made fo r th e  vernal 
transitional and summer periods, i .e . October to March, only.
SYSTEM CONTROLS ON RAINFALL VA RIATIONS
X
Principal component analysis is used to identify those types of systems 
in  each month whose ra infa ll is most closely correlated with the monthly 
totals. Rainfall from these systems is dominant in the determination of 
monthly anomalies whereas th at from other systems is randomly dis trib ­
uted in time and represents noise In the signal. Matrices have been 
developed by month with tota l and system significant rainfall fo r each of 
the years across the rows. Rainfall data fo r which satellite images were 
missing have been excluded from the analyses except for incorporation 
into the monthly totals. Problems associated with linear associations be­
tween variables (K endall, 1975) are reduced by exclusion of the missing 
data - in the present case the monthly totals would otherwise be linear 
sums of the systems’ to ta ls. Th e analyses were run on the correlation  
matrices and Varimax rotation has been applied. Following Kaiser (19W ) 
only components with eigenvalues in excess o f un ity were retained fo r  
subsequent rotation. In most cases the retained components explain in 
excess of 90 per cent, and in all cases in excess of 80 per cent, of the 
variance of the monthly totals, Only systems with loadings above |0 .6 | 
( i .e .  36 per cent of the1 variance) on any component with monthly total 
loadings also above |0 .6 | a fte r rotation are considered to control monthly 
to ta ls. The lim it of )0 .6 | is a rb itra ry  but is similar to that used in a 
p.incipa! component analysis of circulation changes associated with rainfall 
variations over southern A frica (T yso n , 1984).
Only rainfall from tropical-tem perate troughs is heavily and d irectly  
loaded with monthly totals in the summer season (Table 9 -1 ) .  In Feb­
ru ary  rainfall decreases as th at from truncated troughs Increases. 
Rainfall from several systems Is heavily loaded with monthly totals 
throughout the vernal transitional season. In October monthly totals are 
heavily loaded on two components. One component represents controls 
from tropical-tem perate troughs and subtropical cyclones and the other 
controls from the temperate east coast troughs and u..classified systems. 
Only tropical systems control totals in November. Tropical-temperate 
troughs do not control totals In December. Rainfall from truncated  
troughs, subtropical cyclones and unclassified systems determine anoma­
lies in this month. Circulation controls on the formation of
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Table 9 -1 . Systems (Id en tified  by an 'X ’J h eavily loaded with  
monthly totals on any component afte r rotation (see te x t fo r de­
ta ils ) . A bar on an  'X ' Indicates Inverse loadings. In  October 
monthly totals were heavily loaded on two components - respective  
heavily-loaded systems are connected b y lin es. Systems are  
Id entified  as tropical-tem perate troughs  ( 7 7 7 ) ,  truncated  
troughs ( T R T ) ,  west coast troughs (W C T ), subtropical cyclones 
(S 7 C ) , east coest troughs (E C T ), coastal depressions IC L D ) and  
unclassified systems ( J N C ) .
T T T  TRT WCT STC ECT CLD UNC
October
November
X
X X
X X . . .  _____ X
December X X X
January X
February X *
March X
tropical-tem perate troughs aro therefore the prime determinants of rainfall 
anomalies in the summer season whereas controls on the formation of se­
veral types of systems including the tropical-tem perate troughs are sim­
ila rly  decisive in th e  vernal transitional season.
S T A T IS T IC S  OF TROUGH LOCATIONS OVER THE WESTERN INDIAN  
OCEAN
In order to  develop a data base to study longitudinal displacements of 
tropical -temperate troughs a daily catalogue of cloud band typen associ­
ated with th e  troughs over th e  western Indian Ocean has been developed
I
III
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fo r the period 1967 to 1977. Four types of Indian Ocean band have been 
incorporated into the catalogue. Bands were classified as Indian Ocean 
bands only when no portion overlay any p art of South A frica and when 
some portion lay west of 60°E. Missing data have been ignored in the 
development of the catalogue and in the estimation of the associated sta­
tistics. The four categories of Indian Ocean bands are:
a) Tropical band: a band rooted In convection over the eastern parts 
of southern tropical A frica and extending through the Madagascar region 
to a temperate cyclone in the southern Indian Ocean - a satellite image 
of a tropical band is given in Figure 9-1;
b ) Tropical band (embedded cyclone): as a tropical band but with 
a tiop ical cyclone embedded within the band;
c) Malagasy band: as a tropical band but rooted In convection over 
Madagascar without any cloud lin k  across the Mozambique Channel to the  
African continent;
d ) Tropical cyclone band: as a tropical band but rooted In e ither a 
tropical cyclone (most common in the la ter summer months) or in an 
oceanic tropical cyclonic vortex (most common in the w in ter months) over 
the low -latitude Indian Ocean - a satellite image of a tropical cyclone band 
associated with a cyclone on th east coast of South A frica Is given In 
Figure 2-14.
Th e term African bands will also be used to include bands associated with  
tropical-tem perate, truncated and west coast ‘roughs.
Bands of all types are present on more days in January than in any other 
month afte r a relative decline in frequency In December (F ig . 9 -2 a ).  
The December minimum is also present in the percentage frequency of 
all days with bands th a t bands are present over South A frica (F ig . 9 -2 b ). 
October, ra th er than January, Is the month In which this percentage 
reaches its annual maximum. Indian Ocean bands develop most frequently  
In December and are unlmodally distributed  throughout the year (F ig . 
9 -2 c ). Thus the December minimum results from a reduction In the f re ­
quency of African bands and from an eastward displacement of the bands, 
and thus of the troughs. Into th e Indian Ocean. Of the d iffe ren t types  
of Indian Ocean bands only the Malagasy bands develop most freq u en tly  
in  December with o ther maxima in March and  September (F ig . 9 -2 c ).
<
Figure 9 -1 . N'OAA-2 po lar-o rb ltln g  satellite hemispheric 
In fra -re d  mosaic at 21L showing a tropical band across the Indian  
Ocean on 13 January 19/3.
Tropical bands are the most common type of Indian Ocean band and are 
bimodally distributed  with maxima In A p ril and November. Tropical 
cyclone bands are also d istributed  according to a semi-annual cycle but, 
with highest frequencies in March and August, of opposite phase to that 
of the tropical bands. Tropical bands (embedded cyclone) alone are 
unlmodally distributed  with the maximum in January. On the majority 
of days only one tro u gh . If an y . Is present in the African region. On
a small proportion of days, reaching maxima in January and March, re l­
atively short wavelength circulations develop In which troughs form both
across South A frica and across the western Indian Ocean (F ig . 9 -2 d ).
The December hiatus is pressnt in the frequency of days on which only 
one tro u gh , across South A frica , Is present as is the December maximum
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Figure 9 -2 . Mean frequency statistics o f cloud bands In the 
southern A frican  region fo r the period 1967 to 1977. a )  Monthly 
mean frequencies of total and of African bands as defined In the 
te x t - the A frican  band curve Is taken from Figure 7 -1 . b )  
M onthly percentage frequency of days with bands on which 
A frican  bands were presen t, c) Monthly mean frequencies of 
total and Individual types of Indian Ocean bands, d )  Monthly 
mean frequencies of days with a single ban d , e ither an African  
o r  an Indian Ocean ban d , and with bonds Jn both  locations.
in the frequency when the single trough Is situated over the Indian
WESTERN ORANGE FREE STATE RAINFALL IN RELATION TO TROUGH 
LOCATIONS
On days on which an Indian Ocean band Is present rainfall over the 
western Orange Free State is generally l ig h t and predominantly cloud-free 
conditions as In Figure 9-1 affect South A frica as a whole. Mean daily 
ra in fa ll over the western Orange Free State fo r fo ur classes of days, 
those on which e ither none or two troughs are present o r those on which 
only one trough is present across e ith e r South A frica or the Indian 
Ocean, durin g  the rainfall season are listed in Table 9 -2 . Corresponding 
ra infa ll distributions fo r January are illustrated  in Figure 9 -3 . In  all 
months ra infa ll is lowest when Indian Ocean bands are present and 
highest, apart from in October, with the occurrence o f African bands. 
Rainfall is also higher in all months when th ere  are two ra ther than when 
th ere  are no bands.
Daily ra infa ll exceeds 15 mm in January oniy on days with African bands 
(F ig . 9 -3 ) .  Th e highest frequency of d ry  days occurs when Indian Ocean 
bands are present and only on 10 per cent o f days with Indian Ocean 
bands does significant ra in , as defined In C hapter 3 , fa ll. Unclassified 
systems supply rainfall on about 50 per cent o f the days on which Indian 
Ocean bands are present. D istribution changes between the fo ur ca te­
gories o f F igure 9-3 are significant at b e tter than the 1 p er cent level 
according to  a x1 test (Tab le 9 -3 ) ,  Highest celt contributions to the x* 
value come from the high frequency of d ry  days when Indian Ocean bands 
are present and the low frequency of d ry  days and the high frequency 
of daily falls between 5.1 and 10.0 mm when African bands are present.
Results fo r other rainfall season months are basically similar to  those fo r  
January although, except In December, ra infa ll In excess of 15 mm also 
occurs on other than days with African bands. Tests fo r the differences
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Table 9 -2 . Mean ra in fa ll (mm) over the western Orange Free 
State In the 1967 to 1977 period ra in fa ll season months fo r days 
on which (In  columns 2 to 5 respective ly) there was an African  
band, an Indian Ocean band, on which there were no bands and 
on which there were bands across both A frica and the Indian 
Ocean. In  the case of A frican  and two bands means have been 
calculated across all days regardless of w hether or not a band
overlay the western Orange Free State.
African Indian None Two
OCT 1.8 0 .9 2 .0 8 .0
NOV 2 .8 0.4 1.2 1.9
DEC 3.1 1.0 1.7 3 .0
JAN 4.4 0.7 2.5 2.9
FEB 4.9 1.5 3.5
MAR 4 .7 1.0 3 .3
between the frequency of fails in categories similar to  those of Tab le 9 -3  
re v  1 that the differences in all months are significant at the 1 per cent 
level. Various non-param etric distribution tests , including the 
non-parametric ANOVA and Kruskal-W allls tests , have also been run on 
the daily rainfall totals fo r the fo ur band classes. In all months the null 
hypothesis of no difference In the rainfall d istributions of the categories 
Is rejected at better than the 1 per cent level. Thus circulations suitable 
fo r the formation o f Indian Ocean bands normally result in minimal, if 
any, rainfall over the western Orange Free atate,
i
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Fig u re 9 -3 . Frequency d istributions of d ally ra in fa ll over the 
western Orange Free State In January fo r a ) days with an African  
band on ly, b )  days with an Ind ian  Ocean band on ly, c ) days 
w ith  no banas and d )  days w ith  both an African and an Indian  
Ocean band.
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Table 9 -3 . Cantlngency table fo r five  categories of dally ra in fa ll 
In January against the four band categories of Figure  9 -3 . In  
all groups the top , gure represents the observed frequency, the 
second fig u re  the expected frequency and the th ird  fig u re  the 
cell contribution  to the x* value given In  the lower rig h t-h an d  
corner.
Raitvfait (mm)
0 0 .1 -2 .0 2 .1 -5 .0 5 .1 -1 0 .0 >10.0
African 16 51 23 32 13
40 .0 47.5 21.0 17.8 8.7
14.4 0.3 0.2 11.3 2.1
Indian 47 26 5 2 1
24,0 28.5 12,6 10.7 5.2
22.1 0.2 4 .6 7.1 3 .4
None 30 31 17 5 7
26,7 31 .7 14.0 11.9 5 .8
0.4 0 ,0 0 .6 4 .0 0.2
Two 8 12 8 6 !
10,4 12.3 5.4 4 .6 2.3
0 .5 0 .0 1.2 0.4 0 .7
X1 = 73.8
12 Degrees of freedom  
LONGITUDINAL DISPLACEMENTS OF THE TROUGHS
Principal component analysis has been employed to Investigate the asso­
ciations between the frequency of African and Indian Ocean bands. In 
o rd er to test the supposition th a t the frequency of troughs over A frica  
is Inversely related to that over the western Indian Ocean matrices have 
been set up by month with frequencies of single African bands, single
— ............................  - -  ■ -v -* r
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Indian Ocean bands, two hands and no bands In the columns, In all cases 
the analysis was run on the correlation matrix .and only parameters loaded 
In excess of |0 .6 (  on any component a fte r Varlmax rotation are considered 
to be associated.
in the th ree months November to  January frequencies of African and 
Indian Ocean bands are Inversely heavily loaded (F ig , 9 - 4 ) . Months of 
higher frequencies of troughs over southern A frica are thus months of 
lower frequencies over Madagascar, and vice versa. Frequencies of no 
bands and of two bands are also oppositely loaded in the three months.
In October the frequency of African bands is ind irectly  related to the 
frequency o f no bands and d irectly  to th at of two bands. Indian Ocean 
band frequencies are loaded on a component separate from that of the 
other types of bands. Thus the dominant mode of actioii in October is 
related to the formal on o r non-formation of A frican bands ra th er than  
to longitudinal vacillations of the locations of the bands as in November,
December and January. In February the frequency of African bands Is 
inversely loaded with th a t of no bands as in October indicating th a t a 
similar mode cf the variations is present in the two months, Indian Ocean 
band frequency is inversely  re lated to th a t of two bands in February, 
possibly indicative of a mode representative of longitudinal band dis­
placements. The frequency of African bands in March is loaded sepa­
rate ly from that of the o ther types of bands. The frequencies of Indian  
Ocfian bands and of two bands are loaded together in March and both 
ar-e Inversely loaded with the frequency of no bands. Thus a major mode 
In March is represented b y the inverted frequencies of no bands and of 
Indian Ocean bands.
THE SOUTHERN OSCILLA TIO N  AND SOUTH AFRICAN RAINFALL
Associations between rainfall from and locations of tropical-tem perate  
troughs and the Southern Oscillation may now be investigated. In te r­
pretations o f teleconnections based on linear correlations with a Southern 
Oscillation Index may potentially be misleading (Ramage, "1983; Plttock, 
1984), especially when used a p rio ri to determine statis tica lly -s ign ificant
NOB TWOB
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Figure 9-<f, Results of the principal component analyses o’  band 
frequencies fo r the ra in fa ll season months -  fo r no hands [N O B ), 
two bands [TW O B ), African bands [A F B ) and Indian Ocean bands 
[ IN O B ). Band frequencies loaded In  excess of |0 .6 | on the same 
component are connected b y solid [ I f  loadings are of similar 
signs) o r dashed ( I f  loading* a r :  of opposite signs)
double'headed arrows. Frequencies loaded In  excess of |0 .6 | 
Independently o f any other frequencies are Identified b y a short 
double-headed arrow.
circulation links. In th e  present case, however, th is process is reversed  
In th at p artia l validation of hypothesised circulation links is sought in 
the correlations. The index of the Southern Oscillation used is ‘ ne 
non-senennal surface pressure difference between Tah iti and Darwin  
which has been recommended fo r  diagnostic studies of links with the 
Southern Oscillation (Chen, 1982). Data were recorded at Tah iti from 
1935 and thus the available index series covers the period 1935 to 1977. 
Correlations are calculated at zero lag only despite the established lags 
between responses of the circulation over d istant paits of the globe to 
changes over the Pacific Ocean (Pan and Oort, 1983). F u rth e r, co rre­
lations are calculated by month ra ther than by integrated three-m onth  
seasons recommended by several authors as a technique fo r reducing the  
noise level in the index series (a .g . T rm b e r th , 1976). In o rd er to
i
partia lly remove noise inherent in the Southern Oscillation index time 
series a smoothed series was developed through application of a 
three -term  binomial fH te r, centred on the month under study, to the  
index series.
Correlations have been calculated In all months from October to March 
fo r the 1935 to  1977 period between the smoothed index and scores of 
all components retained during the development of the classification in 
Chapter 2 . Sums of the scores, weighted by the appropriate loadings, 
fo r those components in ferred  to represent the tropical-tem perate and 
truncated  troughs closely simulate the estimated time series of rainfall 
from th e  troughs fo r the perioo 1967 to 1977 (H arrison, 1984d) and thus 
these sums have also been correlated with the index. Time series fo r  
the troughs' ra infa ll include those for th e f irs t  two October to December 
components and those for the f irs t  two and .he f if th  January to March 
components.
Correlations are not significant a t the 5 per cent level in October and 
November (Table 9 -4 ) .  Few regions across South A frica over which in ­
tegral October and November ra in fa ll is statistically s ignificantly co rre­
lated with the index have been detected b y Lindesay (1986). December 
to  March correlations significant a t the 5 per cent level are present be­
tween the time series of the f irs t  component and of the total rainfall from 
tropical-tem perate troughs and th e index. Higher ra infa ll occurs in the 
Oscillation's high phase. Time series o f several h igher components is.-e 
also significantly correlated with the index in all months but no in te r­
pretation of any of these components was offered in Chapter 2 . The 
results reinforce th e  inference of Lindesay et a t. (1986) th at trough  
ra in fa ll is responsible fo r th e  north-w est to south-east alignment o f the 
region of highest statis tica lly -s lgn lficant differences In ra infa ll obtained 
in a superposed epoch analysis based on the phases of the Southern 
Osclltatier
Principal component analysis has been used to Investigate th e  supposition 
’ nat tixiughs form more freq u en tly  over the central in terior of South 
A frica in high phase periods of the Southern Oscillation. Matrices have 
been developed by month with ra infa ll from the troughs as simulated by  
the principal component scores, the Southern Oscillation Index and the
frequencies of single African bands, single Indian Ocean bands, two 
bands and no bands in the columns. The analyses follow the same format 
as th a t fo r the examination of the longitudinal displacements of the 
troughs above. In October cloud band rainfall is indirectly related to 
the Southern Oscillation index (F ig . 9 -5 ) .  Time series of both the f irs t  
October component and the total cloud band rainfall are also negatively  
but non-signifieantly correlated with the Southern Oscillation index (T a -
Table 9 -4 . Correlations between the smoothed Southern Oscil­
lation Index and scores o f the components developed In Chapter 
2 fo r the ra in fa ll season months -  except fo r component 1 and  
fo r  total trough ra in fa ll only linear correlations significant at 
better than the 10 p er cent level are lis ted . In  the column 
headed 'Troughs' are correlations with  scores of components In ­
fe rre d  to represent ra in fa ll from tropical'tem perate and truncated  
troughs. In  the column headed 'Tota l ■■,hs‘ are correlations 
with the ap propriately weighted sums of : ■■■ cores of components 
In ferred  to represent trough ra in fa ll. In  t h i  column headed 
'O ther' are correlations with scores of retained components. 
Component numbers are given In brackets and significance levels 
are Indicated b y asterisks: *  b etter than 10 p er cent; * *  - 
better than  5 p er cent; * * *  - b etter than 1 p er cent.
Troughs Total troughs Other
OCT -0 .1 5 (1 ) -0 .0 6 0.2 7 *(3 )
NOV 0 .0 5 (1 ) 0 .08 -0 ,3 3 ** (6 )
DEC 0 .4 7 ** * (1 ) 0 .4 8 * * *
JAN 0 ,3 0 ** (1 )  0 .2 9 *(2 ) 0 .3 6 ** - 0 .4 4 * * * m ) 0 .6 9 *0 3 )
FEB 0 .3 3 ** (1 ) 0 .3 3 ** 0 .3 3 **(1 3 )
0 .3 1 ** (1 ) 0 .3 0 ** 0 ,3 2 **(6 )
-0 .3 0 ** (1 0 )
-0 .2 6 *(7 )
iX
APR -X- X X
Figure 9 -5 . As Figure 9-M b u t fo r  band frequencies and western  
Orange Free State cloud band ra in fa ll (C B R A IN ) with the 
smoothed Southern Oscillation In d e x . Parameters loaded In  excess 
of |0 .6 | together w ith  the Southern Oscillation Index are Identi­
fied w ith  an 'X ' . Opposing signs o f loadings In  excess of |0 .6 | 
with the Southern Oscillation Index are marked fay a b ar across 
tin  X '.
ble 9 -4 ) .  Frequencies of Indian Ocean bands are in d irectly loaded with  
the Southern Oscillation index. A frican  band frequencies are not loaded 
on the same component as e ither cloud band rainfall o r the Southern 
Oscillation index b u t are loaded d irectly  and in d irectly with frequencies 
of two and of no bands respectively. African band frequencies and cloud 
band ra infa ll are d irectly  related and both are in d irectly related to the 
frequency of Indian Ocean bands In November. Cloud band rainfall Is 
not, however, loaded with the Southern Oscillation index, Instead the 
Index Is d irectly  related to the frequency of two bands and indirectly  
to the frequency of no bands.
December is the earliest month in which the Southern Oscillation Index 
is loadtid d irectly with the frequency of African bands and with cloud 
band ra infa ll In addition to being in d irectly loaded with the frequency  
of no bands. Indian Ocean band frequencies are heavily loaded with the 
frequency of two bands. January is the only month In which African
m
bend frequency and band ra infa ll are d irectly  and Indian Ocean band 
frequency is In d irectly loaded with the Southern Oscillation Index. No 
band and two band frequencies are also indirectly related. Frequencies 
o f Indian Ocean and two bands are in d irectly loaded in February but on 
the same component as the Southern Oscillation Index such that the f re ­
quency of Indian Ocean bands increases in the high phase months. Cloud 
band rainfall Is d irectly loaded with African band frequency but not with 
the index despite the high d irect correlations obtained fo r this month 
(Tab le 9 -4 ) .  In March cloud band rainfall is loaded with the frequency 
of African bands but the Southern Oscillation index itself Is loaded, d i­
re c tly , only with the frequency of two bands, No bands and Indian 
Ocean bands are ind irectly loaded.
In a final test of the association between trough locations and the phases 
of the Southern Oscillation band locations have been stratified according 
to  the December to February anomalous flow patterns in the tropical 
Pacific Ocean following A rkin  (1982). The stratification is based on the 
sense of the anomalous circulation over the Pacific Ocean in the vicinity  
of the date line which frequently takes the form of a cyclonic or an 
anticyclonic couplet to e ither side of the Equator. Cyclonic couplets are 
normally associated with the high phase of the Oscillation and anticyclonic 
couplets with the low phase, the physical significance of which has been 
discussed by Keen (1982). In all months (Table 9 -5 ) the h ighert mean 
rainfall totals are associated with cyclonic and the lowest with anticyclonic 
couplets. Frequencies of African bands are h igher In periods with a 
cyclonic ra th er than an anticyclonic couplet whereas the reverse applies 
(except in February) for th e  frequencies of Indian Ocean bands. Days 
without bands alsn tend to be more freq u en t when there Is a cyclonic 
couplet and days with two ban d , when there is an anticyclonic couplet.
DISCUSSION
The suppositions that rainfall anomalies over the central Interior of South 
A frica are dependent upon variations In rainfall from tropical-tem perate 
troughs, upon longitudinal displacements of the troughs between the
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Table 9 -5 . Mean western Orange Free State ra in fa ll (.Rain -  mm) 
and frequencies o f A frican  bands [ A f r ) ,  Indian Ocean bands 
( In ) ,  no bands (N o ) and two bands (T w o ) fo r the months De­
cember, January and F ebruary In the period 1968 to 1977 
s tra tifie d  according to the presence of an antlcyc/onfc (A )  o r a 
cyclonic (C )  couplet or neither (N )  across the central Pacific 
Ocean according  to A i'kln (1982).
DEC JAN FLLi
A C N A C N A C N
Rain 28.1 80.5 61.6 42 .0 143.4 92.2 71.1 123.3 88.6
A fr 4.7 8 .5 7,5 U .7 14.8 11.5 9 .3 10,0 6 ,0
In 12.0 9 .0 11.0 7,7 4 .8 10.0 7.0 8 .0 6.5
12.0 12.0 11.5 7,3 8.8 6.0 7.7 8 .8 12.5
2.3 1.5 1.0 4 .3 2 ,8 3,? 4 ,0 1.8 3 ,0
southern African and Madagascan regions and upon circulation changes 
related to the Southern Oscillation have ad been ve rifie d . The 
suppositions do not apply, however, in all months from October to March. 
Rainfall from tropical-tem perate troughs uniquely determines anomalies in 
th e  summer season when the Hadley Circulation Is intensified in the w etter 
months. Close correspondence may be noted between the wet period 
circulation departures derived in Chapter 8 and those fo r the 
tropical-tem perate troughs obtained by Harangozo (1986) in confirmation 
of the importance of frequency changes of the troughs in the determi­
nation o f the anomalies. Higher ra in fa ll in the summer season is associ­
ated with stronger forcing of the Hadley Circulation across southern 
A frica and therefore with enhanced energy and momentum generation over 
the African tropics.
In the w etter vernal transitional seasons the Ferrel Circulation across 
southern A frica intensifies and toroidal circulations fo r some of the types 
of systems which determine ra infa ll anomalies, including the truncated  
troughs and the unclassified systems, are of the Ferrel Cell type. 
Rainfall from tropical-tem perate troughs also determines anomalies In Oc­
tober and November and thus both enhanced energy and momentum gen­
eration over the African tropics together with enhancement of the forcing
mechanisms of the Ferret Circulation occur In the w etter months. 
Thermodynamic nnd kinematic structures fo r few of the systems as de­
rived by Harangozo (1936) correspond with the departures determined  
in Chapter 8 and thus circulation variations may not bn Interpreted In 
terms of frequency cnanges of p articu lar systems. Marked changes in 
the structures of the systems also occur between years. Circulation  
variations are thus more complex In the vernal transitional than in the 
summer season. Correspondence between the toroidal circulations of 
those types of systems determining the rainfall anomalies and the dominant 
toroidal circulation cell Indicates that the changes In the details of the 
variations between the two seasons are closely related to the circulation  
adjustments on the semi-annual cycle.
Outgoing long-wave radiation over A frica at 20°S Is modulated on a 
semi-annual cycle (F ig . 7-4) such that it  is a minimum In summer when 
energy generation at 20°S is a major determinant of rainfall anomalies. 
The standing wave over the Atlantic Ocean is displaced westward in 
summer, a displacement which is enhanced in the w etter seasons. Equally 
it  is displaced eastward in the w etter vernal transitional seasons when 
energy generation at 20°S is reduced. Evidence fo r the eastward d is­
placement o f the wave is afforded by the high frequencies of tropical 
bands in A p ril and November (F ig . 9 -2 c ), frequencies consistent with 
the concept o f tropical bands forming In the second poleward arm of the 
wave (F igs. 6-7 and 7 -9 ) .  Circulation departures on the semi-annual 
cycle are thus suitable fo r forcing intensified Hadley and Ferrel C ircu­
lations in the w etter summer and vernal transitional seasons respectively. 
The inverse semi-annual cycle of the frequency of tropical cyclone bands 
to that o f tropical bands Is such that highest frequencies occur at times 
of maximum depths of the 20°C isotherm over the western Indian Ocean 
(Quadfasel, 1982). These are the timbs of most suitable conditions In 
terms of sea surface temperatures fo r the formation of tropical cyclonic 
vortices. Similarly tropical bands (embedded cyclone) formed most f re ­
quently near the time of warmest sea surface temperatures.
Rainfall over the central In terior of South A frica is reduced when troughs 
He over the western Indian Ocean in all months. Th e concept- j f  longi­
tudinal displacements of the troughs causing the rainfall variations ap­
plies, however, only in the months November to January. Modes of action
of the atmospheric circulation other than longitudir - I displacements of the 
waves also occur in several months. Nor are displacements o f the waves 
d irectly  related to the Southern Oscillation in months other than January 
(F ig . 9 -5 ) .  Longitudinal displacements of standing waves In the Southern 
Hemisphere are, nevertheless, associated with the Southern Oscillation. 
Longitudinal shifts in the location of wave 1 are linked to the Southern 
Oscillation according to Tren b erth  (1980b). F u rthe r, movements of cloud 
bands over the Indian and Pacific Oceans appear to be reflected in the 
field of the f irs t  eigenvector of tropical rainfall (F ig . 8 -6  - c f. Fig. 2-7) 
according to Kidson (1975) -  an Interpretation supported by Heddinghaus 
and K rueger (1981) - the time series of which is significantly correlated 
with an Index of the Southern Oscillation. Shifts in wave locations be­
tween phases of the Southern Oscillation are th erefore Important compo­
nents of climatic change in th e  Southern Hemisphere but may not uniquely 
account fo r rainfall variations over southern A frica .
Only rainfall from tropical-tem perate troughs Is linearly correlated at zero 
lag to the Southern Oscillation index and only in the months December 
to M arch. Lindesay (1986) similarly noted that correlations between 
rainfall and the index are higher in the summer than in the vernal 
transitional season. Associations between the Southern Oscillation and 
South African rainfall are th erefore stronger in the summer than in the 
vernal transitional season. O ver Australia an Inverse situation occurs 
with strongest associations with rainfall in spring (McBride and Nicholls, 
1883). January to March is the period of strongest development of c ir ­
culations associated with the Southern Oscillation (Rasmusson and C ar­
p enter, 1982; H ote l, 1982; Q uiroz, 1983) and it  may be postulated that 
these circulations Influence the generation of energy and momentum over 
southern A frica in summer. December ra infa ll from tropical-tem perate  
troughs is not, however, a determinant of rainfall anomalies (Tab le 9 -1 ).  
There appears to be a marked adjustment in th e  circulation in December 
which may be associated with the rainfall hiatus (Appendix H ) and which 
renders the circulation more complex than that of any other month. 
Origins o f the stronger correlations with ra infa ll in December, detected 
in Table 9 -4  and by Lindesay (1986), thus remain to be elucidated. The  
major Impact of circulation changes related to  the Southern Oscillation is 
th erefore to the formation of tropical-tem perate troughs across southern 
A frica In the summer season.
CONCLUSION!
Several postulated modes of behaviour of the atmosphere resulting in 
rainfall variations over the central in terior o f South A frica have been 
examined. The postulates include that frequency changes of 
tropical-tem perate troughs cause the variations, that the troughs are 
displaced eastward towards Madagascar In the d rie r months and that 
trough displacements and hence rainfall totals are determined by c ircu­
lation variations associated with the Southern Oscillation. All of the 
postulates have been verified  but none are applicable in all months Oc­
tober to  March. Changes in the circulation on the semi-annual cycle in  
p art account fo r differences In the modes of behaviour in the various 
months.
In the summer season, when the Hadley Circulation is intensified in the 
w etter months, rainfall from tropical-tem perate troughs alone determines 
anomalies over the central in terior of South A frica . Rainfall Is well 
correlated with the Southern Oscillation index and it has been suggested 
th at circulation changes related to the Southern Oscillation control the  
generation of momentum and energy over tropical A frica and hence the 
forcing of the Hadley Circulation across southern A frica . In the vernal 
transitional season, when the Ferret C irculation is intensified in the  
w etter months, several systems including the tropical-tem perate troughs 
determine anomalies. No evidence of control of the anomalies from the  
Southern Oscillation has been obtained for October and November. I t  is 
therefore possible th at circulation links between the Pacific Ocean and 
southern A frica are modulated on a semi-annual cycle.
F u rthe r evidence fo r circulation changes on a semi-annual cycle, specif­
ically fo r  longitudinal displacements of the A tlantic standing wave, has 
been obtained in terms of frequencies of troughs in the Madagascar re­
gion. Displacements o f the troughs between years may not, however, 
simply account fo r  the ra infa ll variations, Behavioural modes of th e at­
mospheric circulation are such that only in January Is there a well-defined  
association between ra in fa ll, locations of the troughs and the Southern 
Oscillation. O ther modes are present in the remaining months. Thus 
th e  major Identified cause o f rainfall variations is the differences In f re ­
quency of formation o f tropical-tem perate troughs, and hence in the  
forcing of the Hadley Circulation across southern A frica . Th is forcing  
is most closely associated with circulation changes related to the Southern 
Oscillation in the summer months.
CHAPTER 10
RAIN FA LL, M ERIDIONAL MOMENTUM FLUX VA R IA TIO N S AND THE 
SOUTHERN OSCILLATION
INTRODUCTION
The hypothesis upon which this thesis has been based is that rainfall 
Increases In periods of enhanced poleward momentum fluxes. Th is h y­
pothesis was developed upon the assumption th a t tropical-tem perate  
troughs form more freq u en tly  In the w etter months and that consequently 
th e  tran s ien t f lu x , which is g rea ter in the v ic in ity  o f the cloud bands 
o f the Southern Hemisphere than in the zonal average (Webster and 
C u rtin , 1975), increases. Changes In th e  toroidal fluxes must also occur, 
however, as a result of inter-annual variations in the meridional compo­
nents on the semi-annual cycle. Differences in both the mean and the 
transient atmospheric circulations between years may therefore be de­
terminants of ra infa ll variations, in ter-annual flow changes over the 
Northern Hemisphere are resident prim arily w ithin the mean meridional 
flow and the corresponding momentum fluxes, whereas the zonal flow and 
the transient fluxes tend to be re latively constant between years (Gaut 
et a ! . ,  1976). Confirmation of the relative stability o f the zonal flow and 
of th e  significance of the in ter-annual variations of the meridional flow 
was obtained in a detailed analysis of Northern ' nispheric flow changes 
between one normal and one d ry  summer over central India and the Sahel 
(Kanamitsu and Krishnam urtf, 1978). Marked changes in the zonal 
spectra of the meridional wind field and of the poleward meridional fluxes 
of momentum between the Equator and 30°N were associated with changes 
In the locations of th e regions of tropicul heat release between the two 
years. In the Southern Hemisphere inter-annual circulation changes are 
at'so associated with differences in the mean flaw  in affiliation with lon­
gitudinal displacements of the standing waves, displacements which are 
possibly related to variations In the distribution of tl a tropical heat
sources and to phase changes of the Southern Oscillation (T ren b erth , 
1980b). In ter-annual d ifferences in the forcing of the Hadley Circulation  
by energy release over tropical A frica together with longitudinal dis­
placements o f the waves over the Atlantic Ocean and over A frica accom­
pany the ra infa ll variations over the central In te iio r of South A frica . 
As in th e  M"-th e rn  Hemisphere adjustments to the mean flow and to the 
locations o> .ropical heating may thus be of grea ter importance In the 
determination of climatic anomalies over the Southern Hemisphere than 
adjustments in the transient circulation.
Two theories, . .arlsed in Appendix L , have bean forwarded to account 
fo r changes in tropical rainfall and hence in the forcing o f the Hadley 
C irculation. In the f irs t  rainfall varies according to the latitudinal ex­
cursion of the In tar-T ro p ica l Convergence Zone as determined by  
meridional tem perature gradients across one or other hemisphere. In the 
second latitudinal excursions are considered secondary to th e  extent of 
convective o verturning  along the Zone. Observational evidence Indicates 
th at the second theo ry is o f g rea ter relevance o v  1 southern A frica than 
the f irs t  (Nicholson and C herv in , 1933). Convection o ver tropical A frica 
lies within the region o influence of tiie  zonal circulation cell across the 
Indian Ocean, the W alker Circulation (see Appendix K ). Zonal circulation 
rolls lie around the globe and ll-'k  the regions of tropical convection. 
In addition global variations in senses and locations o f the W alker C ir ­
culations result from longitudinal displacements of the tropical heat 
sources which accompany phase changes of the Southern Oscillation. In 
the high phase th e  anomalous 200 mb zonal component across Lhe Indian 
Ocean Is easterly, an anomaly suitable fo r  the development o f convection 
o ver A frica . In the low phase the anomaly reverses. I t  Is conceivable 
there fo re  th at the Indian Ocean W alker C irculation represents a mechanism 
by which the Southern Oscillation signal is transm itted to southern A frica 
in such s way as to  control energy release over the subcontinent. 
Subsequent changes to th e Hadley Circulation result In modified poleward 
toroidal momentum fluxes and In p art determine rainfall anomalies across 
southern A frica ,
Changes to both the toroidal and the transient momentum fluxes with 
vary ing  rainfall are examined In this Chapter to test the va lid ity  of the 
hypothesis that ra infa ll Increases with the poleward f lu x . Circulation
differences and changes to the Indian Ocean Walker Circulation between 
the two extreme phases o f the Southern Oscillation are also inspected to 
determine the possible va lid ity  of the assertion that the Southern Oscil­
lation signal is transmitted to southern A frica via the Walker Circulation 
in 'iuch a way as to control energy release at 20°S.
MOMENTUM FLUX CHANGES
Both the data and the analysis technique are identical to those used in 
th e  study of the arsociations between the circulation variations and 
ra infa ll in C hapter 8 . Based on the mean and eddy wind component 
values at each level at Bloemfontein the monthly mean relative angular 
momentum of the atmosphere together with the poleward fluxes of earth  
angular momentum and relative angular momentum by the mean circulation, 
by the transient eddies and by the total circulation, integrated through  
the depth c f  the atmosphere to 100 mb, have been calculated. Spearman 
correlations have subsequently been calculated Lvlween rainfall and both 
th e  relative angular momentum and the various components of the  
meridional flu x .
The relative angular momentum declines as rainfall increases in seven 
mofths (T ab le  10") -  c f. Table 8 -6 ) .  Earth angular momentum fluxes 
*?«« e r e c tly  related to rainfall in seven months, with strongest positive 
o r  relations ( i .e .  enhanced poleward flu x  with higher ra in fa ll) in the 
summer and late w inter months (c f. Tab le 8 -7 ) .  Values of the corre­
lations with the circulation flu x  are similar to those with the earth angular 
me 'entum flu x  except that the January correlation with the circulation  
f|v -. !r negative. Only in February, March, April and November is the 
pjluw ard  transient flu x  stronger in the wetter months. Total poleward 
re latv'e angular momentum fluxes Increase with rainfall in six months 
mai.ily du iin g  the rainfall season. Similar systematic changes to the 
re ia t'/fr  angular momentum and to the meridional fluxes as rainfall varies 
also eccvr on the rain and the no rain days (see Appendix u ) . Variations 
of the fluxes are not dependent therefore simply on frequency changes 
of rain and no rain days b u t also on structural changes to the atmo' >a;-ie
Tabie 10-1. Values of Spearman rank correlation coefficients 
between ra in fa ll and the vertica lly -in teg rated  re lative  angular 
momentum of the atmosphere (J u ) , the ve rtica lly -in teg rated  flu x  
o f earth  angular momentum (S v ] and the vertica lly -in teg rated  
c lrcu la th n  U v u ) ,  transient (J v 'u 1)  and total ( Iv u )  re lative an­
g u la r momentum fluxes. Negative correlations. Indicating de­
creased re lative  ingular momentum or poleward fluxes In w etter 
months, are stlp p i^ .'. Asterisks indicate significance Ic e ls :  8 
-  b e tte r  than 10 p er cen t; * * *  -  b etter than 1 per cent.
Ai Jv M  Jv'u1 /TO
J -oTi} q' 7? -0.04 -O.tT •O.sd
circulation on the two types of days such th at poleward toroidal fluxes 
In summer and equatorward fluxes in the vernal transitional season on a 
dally average are stronger In wet thti;i in d ry  months.
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Table 10-2. Details o f the f irs t  and second harmonics of the 
monthly correlations between ra in fa ll and the components of the 
momentum f lu x . Amplitudes {Amp) are of the values of the 
correlations. Columns headed W ar' g ive variances explained b y  
harmonics while those headed 'Max’ lis t approx/mote dotes of 
maximum positive f / .e .  poleward) correlation. For second h ar­
monic dotes are fo r the ra in fa ll season maxlr.tj. In  f irs t  column 
on fndlcotes resuft.s fo r Integra l d ata, an 'R 1 results fo r rain  
days and on 'NR1 results fo r no rain days.
Annuai Wave Semi-annual Wave
Amp V a r Max Amp V a r Max
R e/et/ve angular momentum ■ /u  d p /g .
I 0.21 15.7 15 Jul 0 .1 5  8 .0  1 Dec
R 0.21 15.8 5 Aug 0 .04  0 .5  5 Nov
NR 0 . * a  23.1 15 Jul O .h ; 2 .9  2 Jan
Earth  angular momentum flu x  -  d p /g .
I 0 .26  29.8 20 Jan 0 .3 2  46.7 19 Feb
R 0 .07 1 .6  7 Jun 0 .26  24 .0  27 Feb
NR 0.20  14.2 21 Jan 0 .27  24 .5 L "eb
Circulation re lative angular momentum flu x  -  I vu d p /g .
I 0.11 10.1 19 Feb 0 .26  54 .9 1 Mar
[>. 0.11 3 .4  1 Aug 0 .28  23 .6 7 Mar
N k 0 .33  25.5 28 Jan 0.41 38,7 10 Feb
Trans ient re lative  u .igu lar moment‘im flu x  - Jv 'u ' d p /g .
I 0 .18  14.8 If i Fab 0 .1 6  11 .0 20 Oct
R 0.13 7 .3  2 May 0 .06  1.6  7 Mar
NR 0 .15  23.1 18 Dec 0,01 0 .0  1 Mar
Total re lative  angular momentum f lu x  * f'Tu d p /g .
I 0 .13 12.4 25 Dec 0.21 32 .0  28 Feb
R 0.08 2 .5  7 May 0 .18  13.9 5 Mar
NR 0 ,20  11.9 7 Jan 0 .39  46.2 12 Feb
HARMONIC ANALYSES OF THE CORRELATION FIELDS
Together the f irs t  two harmonics o f the re lative angular momentum cor­
relations account for only 24 per cent of the variance (Tab le 10 -2 ), the
cycle of the correlations being dominated by the th ird  harmonic. Highest 
positive correlations ( i .e .  increased re lative anguiar momentum in the 
w etter months) occur in mid-July on the f irs t  harmonic and on the second 
harmonic In early June and December, Th e second harmonic accounts 
fo r 47 per cent of the variance of the earth angular momentum flu x cor­
relation distribution with maximum positive correlatlonr (stronger  
poleward fluxes in w etter months) in late February and August and the  
f irs t  fo r 30 p er cent with a maximum In late January (T ab le  10 -2 ). 
Sim ilarly the d istribution  of the correlations fo r th« circulation flux is 
dominated by the second harmonic with maxima a few days afte r those 
fo r the harmonic of the earth angular momentum flu x correlations. Peak 
positive correlations on the f irs t  harmonics for the two fluxes are sepa­
rated b y  one month. Results fo r both toroidal fluxes reflect the  
semi-annual cycle in the meridional component correlations with rainfall 
(Tab le 8 -7 ) .  Seasonal cycles of the transient flu x  are dominated by the 
f irs t  harmonic (Table 5 -1 ) b u t th a t of th e ir correlation with rainfall by
the th ird  harmonic. Weak fi'-st and second harmonics have maxima in
m id-February and late A pril/O cto b er respectively (Tab le 1 0 -2 ) . Tha  
phase of the la tte r harmonic is roughly inverse to th at of the correlations
between ra infa ll and the earth angular momentum flu x .
S T A B IL IT Y  OF THE ANNUAL AND SEMI-ANNUAL CYCLES
Dates of the maxima on the f irs t  harmonics o f the annual relative angular 
momentum d istributions in individual Ju ly to June years va ry  between 
15 and 25 August (F ig . 10-1) as compared to 15 August for the mean 
data (Table 5 -1 ) .  In all years but one the f irs t  harmonic dominates the  
annual cycle of the relative angular momentum and thus the weak f irs t  
harmonic of th e  correlations with rainfall (Tab le 10-2) is indicative of 
in tra-annual adjustments In the response of the rainfall to changes :n the  
atmospheric zonal circulation on h igher frequencies than represented by 
the annual cycle. Second harmonics account fo r less than 10 per cent 
of the variance in fiv e  of the eight yuars but up to 31 per cent in the  
remaining three years, Phase angles of the harmonics tend to cluster
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EARTH ANGULAR MOMENTUM FLUX PHASE ANGIE 
Figure  70-?. Phase angfes o f the annual (so lid  blocks) and  
semi-annual (open blocks) cycles of the vertica lly -in tegrated  
re lative angular momentum (o rd in ate) and poleward f lu x  o f earth  
angular momentum (abscissa) fo r the Ju ly to June years from  
7968/69 to 1976177. The diagonal line marks the locus of equal 
phase angles. Phase angles of 360° Indicate maxima on the f irs t  
harmonic on IS March and on the second harmonic on ! F ebruary  
and  7 August.
such th a t rainfall season maxima are in e ither November or between 10 
January and 10 February (F ig . 10 -1 ). Cycles with maxima in these two 
periods are roughly anti-phase. Rainfall season maximum occur on 20 
November in the 10-year data (Table 5 -1 ) .  Large-amplitude sem iannual 
cycles in the zonal flow in individual years are consequently concealed 
in the overall results by the phase stability of the annual cycle a.id by  
the self-negation o f the semi-annual cycles through phase reversals be­
tween years.
Phase angles of the f irs t  harmonics of the earth angular momentum fluxes 
are markedly variable from year to year (F ig . 10-1) although in fiv e  years 
maxima occur between 5 February and 5 M ay, maxima that probably ac­
count fo r the phase of the f irs t  harmonic of the correlations with rainfall 
(Tab le 10 -2 ). Only in three yeats is the date of the maximum close to 
th at of 15 October fo r the mean cycle (Table 5 -1 ). Variances explained  
by the f irs t  harmonics range between 1 and 81 per cent. Phase angles 
of the second harmonics are quasi-stable with summer maxima varying  
between 10 January and 10 March, a slightly larger range than fo r the
200 mb meridional wind component (F ig . 8 -4 ) .  Only four days separate 
the maxima of th e  integral data and of the correlations with ra infa ll on 
the second harmonics (Tables 5-1 and 10 -2 ), Between 3 and 55 per cent 
of the variances is captured by the second harmonics indicating th at the 
dominance of the harmonic in the Integral cycle results from the phase 
stability o f the second as compared to  of the f irs t  harmonics ra ther than 
from uniformly large amplitudes of the form er harmonics. Amplitudes of 
the second harmonics increase in the w etter years such that there is an 
accompanying anomalous poleward flux in the summer months and an 
anomalous equatorward flu x  in the vernal transitional months. Phase 
angles of the f irs t  harmonics of the tran s ien t fluxes remain quasi-stable 
with dates of maxima ranging between 5 June and 15 August, The weak 
f irs t  harmonic of the correlations indicates th erefore that links betv -en 
ra infa ll and the transient flux are modulated on higher frequencies 
th a t of the annual cycle. Rainfall season maxima of the second harm on,.. 
generally occur in the vernal transitional months between 10 October and 
20 December. Only in two years do maxima fall in the summer months.
Important modulations v f  ail of the re lative angular momentum of the a t ­
mosphere and of the various components of the meridional fluxes occur 
on apnual and semi-annual cycles. Circulation modifications deduced 
above do not necessarily affect the circulations of the rain and no rain 
days uniformly (see Appendix J ) .  in particu lar changes to the toroidal 
circulation on rain days as ra infa ll varies are modulated on the 
semi-annual in addition to  on th e annual cycle. Amplitudes of the second 
harmonics of the earth angular momentum fluxes increase in the w etter 
years. Changes to th e  mean meridional flow on the semi-annual cycle 
are therefore confirmed as an important determinant of ra infa ll variations 
over the central In terior of South A frica .
THE MOMENTUM BUDGET ANC THE SOUTHERN OSCILLATION
The Hadley Circulation Is intensified In periods of enhanced 'umulus 
friction  (H elfand, 1979) and tropical heat release (Schneider, 1984). 
Thus m terms of th e  modulations of the Hadley Circulation on the
semi-annual cycle convection over tropical A frica at 20*S increases in the 
w etter summer months but decreases in the w etter vernal transitional 
seasons. Correlations between southern A frican ra infa ll and the Southern  
Oscillation index are also modulated on a semi-annual cycle such that 
associations are stronger in the summer than in the vernal transitional 
season (Table 9-4 and Lindesay, 1986). Cross sections of the zonal and 
meridional components along 30°E for th e  high and low phases of the 
So, .nern Oscillation in these two seasons have been prepared by Lindesay 
(1986). Seasons falling  into the two phases have been identified as those 
with values of the Southern Oscillation index in the upper and lower 
quartiles across the period 1935 to  1984, These cross sections may be 
used to determine w hethrr flow changes between phases o f the Oscillation 
are cons'-' ,!th  th e  changes between above- and below-normal rainfall 
psrioci.- 'hern A frican regioi derived above and in Chapter 8
and vrl -ept of increased and reduced in s tab ility  at 2CAS in
w etter summe. ...id vernal transitional seasons respectively.
Summer season
Zonal flow anomalies at Bloemfontein in summer are easterly in the high 
phase and w esterly in the low phase (F ig , 10 -2 ), anomalies consistent 
w ith  those associated with increased and reduced ra infa ll respectively 
(Tables 8 -6  and 10 -1 ). Except In the boundary zone high phase 
meridional flow anomalies are poleward as occurs in the w etter months of 
F ebruary and March (Table 8 -7 ) .  In the low phase those anomalies re ­
verse exempt around 200 mb. Flow anomalies in th e high and low phases 
thus correspond closely with those associated with increased or reduced 
ra infa ll over the western Orange Free State. Equivalently the anomalies 
are consistent with an Increased frequency of tropical-tem perate troughs 
in the w etter seasons, the only system fo r which the rainfall is correlated  
with the Southern Oscillation index at zero lag (Table 9 -4 ) .
High phase easterly anomalies extend routhward from the Equator to be­
yond 30DS except in a region of the lower atmosphere around 20°S (F ig . 
10-2a) and consequently th ere  is an enhanced flu x  across A frica of
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moisture frota the Indian Ocean, Conditions are thus suitable fo r the 
development of deep convection along the In ter-T ro p ica l Convergence 
Zone with attendant release of la tent heat, of lows at around 20 *S, of
a
I
b
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standing waves forced b y the heat release and of tropical-tem perate  
troughs across South A frica . Of the three types of instabilities possibly 
associated with the development of extensive onvectio n  at 20*S , namely 
harotropic in s tab ility, instab ility of the internal je t and instabilities re­
lated to the easterly flow at 200 mb, only two appear to be of importance. 
T he low-level westerly anomaly indicates that the strength of the easterly 
je t at 20°S declines in w etter periods, a result consistent with th a t fo r  
North A frica obtained by Newell and Kldson (1984). The je t is unlikely 
to be of Importance therefore In controlling the stability of the flow. 
The juxtaposition of easterly anomalies to the south of 20°S and of 
westerly anomalies to the north Indicates th a t b a ro tn p ic  instab ility is 
increased in the 20 to 25t'S zone in the w etter periods. A t 200 mb and 
20®S the easterly flow also Intensifies In the high phase, Barotropic 
instab ility, ra ther than the Instab ility associated with the low-level je t, 
and intensifications of the easterly 200 mb flow , there fore , represent 
mechanisms associated with the development of convention over southern 
tropical A frica .
The anomalous flu x  o f westerly momentum generated through surface 
stresses is Into the atmosphere everywhere north of 40QS except in a 
region between about 12 and 22<’S . Momentum generated at around 20°S 
is lifted  Into the upper atmosphere In the convection over the subconti­
nent. Together with heat released in th e  convection the cumulus friction  
drives the intensified Hadley Circulation across southern A frica . The 
enhanced poleward energy flu x  Is marked by the increased tem peratur 1 
and heights in the barotropic zone (Tables 8-1 and 8-2 ) while the tropi a:
Figure 10-2 [opp o s ite ). Cvmpos/te zone/ and meridional flow 
anomalies along the 3Q9E mer/d/on fo r the  o ) high and b )  low 
phases of the Southern Oscillation fo r the 19S7 to 1983 summer 
seasons adapted from  L/ndesoy (?986). H eavy and lig h t lines 
delineate Isopleths o f constant zonal and meridional flow anomalies 
respective ly (u n its  ore m s-1) .  Figures vertica lly  above stations 
Indicate zonal flow anomalies. Regions of westerly anomalies are 
stippled and Identified b y  a 'W . Regions of easterly , n ortherly  
and southerly flow anomalies are sim ilarly Identified  b y  ’E 1, ’N ' 
and  'S' respectively.
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nature of the circulation adjustments over the central in terior of South 
A frica Is indicated by the th ree -la ye r tem perature correlation structure  
of the summer months (Tab le 8-1 ) characteristic o f tropical rainfall sys­
tems and of the tropical-tem perate troughs (Harangozo, 1986). On d ry  
days the tem perature stratification is the reverse of that of the 
tropical-tem perate troughs. In the low phase circulation anomalies re­
verse, stability at 20°S increases and hence the toroidal circulation 
anomaly is o f the sense o f the Ferre! Cell (F ig . 10 -2b ). In most respects, 
there fore , circulation changes between the high and low phases of the 
Southern Oscillation in the summer season are consistent wit! those ob­
served during above- and below-normal rainfall periods over the western 
Orange Free State respectively. These results support the postulate that 
the Southern Oscillation represents a remote control on circulation va ri­
ations over the southern African region.
Th e vernal transitional season
Circulation changes along the 30°E meridian between the high and low 
phases in the vernal transitional season are less consistent with corre­
sponding results in Tables 8 -6  and 8-7 than are summer season changes. 
High phase zonal anomalius at Bloemfontein are westerly above 700 mb, 
anomalies consistent with those In w etter months o f November and De­
cember (F ig , 10-3a ). Meridional anomalies are  poleward throughout the 
troposphere in Figure 10-3a whereas equatorward anrmalles occur in 
w etter vernal transitional seasons (Tab le 8 -7 ) .  Low phase zonal and 
meridional anomalies ?re both generally of similar signs to high phase 
anomalies (F ig . 10-3b) The most marked differences In the circulation 
between the two phases occur In the upper-tropospheric zonal flow south 
of 10°S jn d  In meridional flow north ot 20aS and in the lower troposphere 
south of 20°S. Changes In o ther locations do not exhibit consistent re­
versals as do those In the summer leason. D irect stratification of the  
circulation data by the phase o f the Southern Oscillation Is thus less 
apposite in the vernal transitional than In the summer season. The
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Figure IQ -3 . As F igure 10-2 but for the verno/ trons/t/onof 
seascn.
control exerted  by the Southern Oscillation on the circulation over 
southern A frica is weaker in the former than In the la tte r season.
SOUTH AFRICAN RAINFALL AND TH E INDIAN OCEAN WALKER 
C IRCULATION
In o rd er to test the supposition th at the flow changes at 20°S depicted 
in Figures 10-2 and 10-3 are associated with reversals o f the Indian Ocean 
W alker Circulation and with above- and below-normal ra infa ll respectively 
over the eentrsi in te rio r of South A frica integral scores for 
tropical-tem perate trough rainfall as used in Chapter 8 have been cor­
related with zonal components at H arare , Buloway) and Cocos Island. 
Cocos Island is located in the equatorial Indian Ocean approximately 10®W 
^f D jakarta and the station is thus well situated fo r th e monitoring of the 
< Ik er Circulation over the ocean. Except in November and February 
signs of correlations between the Cocos island 200 mb zonal component 
and rainfall from tropical-tem perate troughs are opposed to those at 850 
mb (Table 10 -3 ), results indicative of th e  opposition of the flow anomalies 
In the lower and upper troposphere associated with the W alker C ircu ­
lation. From December higher rainfall from tropical-tem perate troughs 
is accompanied by strengthened 200 mb easterlies and, except perhaps 
in Feb ru ary, 850 mb westerlies. In October and November weaker 200 
mb easterlies occur irt the w etter months.
Magnitudes and signs of the correlations between the 200 mb winds and 
ra infa ll from tropical-tem perate troughs are similar fo r data from both 
Harare and Bulawayo although the correlations tend to be stronger at 
Harare In the vernal transitional season and at Bulawayo In the summer 
season (Tab le 10 -3 ). Th e correlation* are in all cases negative from 
November. In Octobor, as fo r Cocos Island, correlations fo r both Harare 
and Bulawayo components are positive. In general correlations with the 
850 mb components at both Harare and Bulawayo ar%. cfose to zero with 
both signs represented. E ither station may lie within the region of 
low-ifcvel easterly or westerly anomalies depicted in Figures 10-2 and 10-3
Table 10-3. Values of Pearson correlations fo r the ra in fa ll season 
months between in teg ra l western Orange Free State ra in fa ll from  
troplcal-tem peratc troughs and the zonal component at the 850, 
700, 500 and 200 mb levels at Cocos Is land, H am re and Bulawayo. 
A ll available data fo r  the 1957 io 1977 period are used In the 
calculation of the correlations b u t the periods vary  fo r the d if ­
fe re n t stations - see Llndesay (1986 ). Positive correlations In ­
dicate strengthened w esterly components at times of higher  
ra in fa ll.
OCT NOV JAN FEB MAR
Cocos
200 0.14 0.13 -0 .7 6 * * * -0 .5 1 *  -0 .5 3 * -0.47
500 0.19 0.31 -0 .4 8 * 0 .6 3 **  -0 ,0 9 0.09
••oo 0.43 0 .51 * 0 .40 0 .7 7 ** *  -0 .0 4 0.30
850 -0 .0 5 0.04 0.39 0 .8 4 ** *  -0.03 0 36
200' 0.32 -0 .5 3 * -0 .5 8 ** -0 .5 2 *  -0.31 -0 .5 3 *
500 0 .6 7 ** 0.11 0.07 0.10 0.15 -0.40
700 0.28 0.17 0 ! l0  0.05 - 0 .6 7 *
850 0.15 0.00 -0 .5 3 **  -0.08 -0.05
Bulawayo
200 0.32 -0 .0 6 -0 .4 3 *  -0 .7 1 ** * ' -0.42
500 0.29 0 .44 * 0.23 0.17 0.05 -0 .1 4
700 0 .5 3 ** 0 .6 0 ** 0.20 0 .5 8 **  0.16 0.36
0.14 0.28 0.03 -0 .0 5  -0,3? -0.29
and thus weakly-defined trends of zonal components with rainfall may 
occur. Regions with zonal component anomalies at 850 mb of opposite sign 
to those at 200 mb in both the high and low phases of the Southern Os­
cillation are , nevertheless, indicative o f the extension of the Walker 
Circulation across tropical A frica to the 30°E meridian. Th e results in 
Table 10-3 and Figures 10-2 and 10-3 are th erefore consistent with the
concept of changes in the Walker Circulation forcing variations in con­
vection over southern tropical A frica in the summer but not in the vernal 
transitional season. D ifferences in the relationship between the Southern 
Oscillation and southern African circulation changes in the two seasons 
are re lated to the semi-annual cycle o f the tropical circulation. A t Cocos 
Island strongest correlations occur in the December to March period in 
whi'-h correlations with rainfall from tropical-tem perate troughs is 
strongest (T ab le  9 -4 ). The 200 mb zonal component across the tropical 
Indian Ocean is anomalously wes.arly on the seml-ar nual cycle in the 
vernal transitional season (F ig . 4 - i ’j  ' tha control of th e  Walker C ir ­
culation on the circulation over tropical A frica is eccordingly i .duced. 
Magnitudes of correlations between the Southern v.-.. i.. ' r » , d  
South African rainfall consequently decline in the vernal transitional 
season (Lindesay, 1986).
Evidence has also been obtained fo r responses of rainfall over South 
A frica to perturbations in the Indian Ocean W alker C irculation on shorter 
time scales than represented in th e  preceding analyses. Locations o f the 
heat release over the western Pacific Ocean are controlled to  an important 
extent by the disposition of sea surface temperatures across the tropical 
Pacific Ocean but the amount and the timing of the r t  lease is dependent 
on other factors which may locally modify the stru c tu re  of th e  atmosphere 
in th e  Indonesian region. Enhanced monsoonal convection occurs in 
conjunction with surges of cold a ir  from the Asian continent across the  
South China Sea (Chang e t  c l . ,  1979; Chang and Lau, 1980, 1982; Lau 
et a ! . ,  1983). Responses In the equatorial plane of the circulation to 
tropical heat sources take the form of eastward-propagating Kelvin waves 
and w estw ard-propa. •. Rossby waves (G ill, 1980; Lau and Llm, 1982;
Lim and Chang, 198. : .ebster, 1983). Westward Rossby wave propa­
gation excited by surges in the monsoon convecxion results in 
intensification o f the Indian Ocean Walker Circulation as made manifest 
by an Increase in the 200 mb easterly component across the ocean (Chang 
and Lau, 1982) and enhanced upper-level convergence above equatorial 
East A frica (Chang and Lau, 1980). The response time of th e  zonal flow 
acn-s: th e  western ocean to  the surges Is of the ord er of one to two days. 
Tropical-tem perate troughs may form across South A frica in association 
with these intensifications of the Indian Ocean W alker Circulation. Re­
sults of a tost of th is supposition are given in Figure 10-4 in which the
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Figure 70 -4. Time series of 200 mb divergence over east A frica  
(15eN to 15°S and 35°E to 55°EJ fo r December 1974 afte r Chang 
end Lau { 1960), M arked on the curve are periods with an A frican  
b and, an Indian Ocean band and of significant ra in fa ll as defined  
In  Chapter 3 over the eastern Orange Free S tate . Periods of 
significant ra in fa ll oyer the western Orange Free State are simi­
la r .  Bands th a t sh ifted from A frica Into the Indian Ocean are  
Indicated  by l ig h t dashed lines link ing the appropriate marks.
divergence field  over East A frica during  December 1974 is illustrated. 
African bands are conjectured to form a t times of upper-level divergence 
minima ( i .e .  convergence maxima) over East A frica in association with the 
strengthened easterly flow whereas, by inversion, Indian Ocean bands 
may be expected to form at times of divergence maxima, The f irs t  two 
A frican bands of the month developed at divergence minima b u t the th ird  
developed several days afte r a minimum and close to a maximum. Similarly 
th e  association between divergence maxima and the formation o f Indian 
Ocean bands Is c learer fo r the f irs t  two than fo r the final Independent 
band. Also shown in Figure 10-4 are the periods of all days of significant 
ra infa ll over the eastern Orange Free State during the month. These 
periods all begin close to minima in the divergence field. These results 
may be ten tative ly accepted as providing fu rth e r  evidence of an associ­
ation between the Indian Ocean W alker Circulation and rainfall from 
tropical-tem perate troughs and as suggestive o f a link between equatorial
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Rossby wave propagation over the Indian Ocean and tropical-temperate 
trough formation across South Africa.
THE SOUTHERN OSCILLATION AND THE TEMPERATE C IR C U U T IO N  IN 
THE SOUTHERN AFRICAN REGION
Differences in the meridional momentum fluxes between the high and low 
phases of the Oscillation as across southern A frica occur in other regions 
of th e  globe. I t  has been suggested that enhanced tropical convection 
over the central Pacific Ocean in low phase periods and resultant In­
creased poleward earth angular momentum fluxes result In a strengthened  
subtropical je t stream in the longitudes of th e  heat source (B jerknes, 
1966a, 1969). Observational evidence, however, does not fu lly  support 
the postulate of increased toroidal fluxes in the Northern Hemisphere 
(Chiu and Lo, 1979; C h iu e t o / . ,  1981). Stronger m id-latitude westerlies 
at Marion Island in the high phase (F ig . 10-2) are however consistent 
with the concept o f strengthened winds resulting from the enhanced 
poleward earth  angular momentum fluxes. Th e inverse relationsh’o be­
tween westerly components at tropical and middle latitudes is well tab- 
lished (T re n b e rth , 1980b) and is consistent with the distribution of 
w esterly components i r  Figure 10-2. Tem perature gradients between the 
southern African subtropics and the middle latitudes weaken in high 
phase periods iL indesay, 1966), a result attrib u ted  to enhanced poleward 
transient heat fluxes by va, Loon and Rogers (1981 ). Most of the 
meridional energy tran spo rt in the Southern Hemisphere Is acnieved by 
the shorter moving waves as the standing waves are quasi-barotropic  
(van  Loon and Jenne, 1972; van Loon et o /. ,  1973). The relationship 
between tem perature gradients and the transient flux Is Ind irect (Lorenz, 
1979) and thus the reduced grad ient is perhaps Indicative o f an Intensi­
fied  transient flu x  in high phase periods. Consequently the westerlies 
are displaced southward together with the tracks of temperate cyclones. 
Cyclone tracks were displaced southward in January 1974 (exceptionally  
wet over South A frica ) by comparison to  in January 1973 (generally dry  
over South A frica ) (Harrison, 1981).
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F igure 10 '5 . Schematic representation of a )  the anomalous Walker 
Circulations o f the tropical Pacific and Indian Oceans during  the 
high phase of the Southern Oscillation and of b ) the derived  flow  
across South A frica resulting In  above-normal ra in fa ll.
A MODEL OF THE CONTROL ON SOUTH AFRICAN SUMMER RAINFALL 
BY TH E SOUTHERN OSCILLATION
A model of the control on South African summer ra infa ll exerted b y heat 
release in the Indonesian region and transm itted to southern A frica via 
th e  Indian Ocean W alker Circulation may now be proposed. During the 
high phase o f the Oscillation sea surface temperatures are relatively warm 
in the Indonesian region and cold off the Peruvian coast (F ig . 10 -5 a ). 
Extensive convection develops in the northern A ustralian region and heat 
release In th e  convection drives the W alker C irculations of opposing 
senses across the Pacific and Indian Oceans. The upper tropospheric 
flow over southern tropical A frica at 20°S Is anomalously easterly and 
thus conditions are suitable fo r the development of convection and hence
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Figure 10 '6 . As F igure  70-5 but fo r the low phase of the 
Southern Oscillation resulting In below norm al ra in fa ll.
of heat release (F ig . 10 -5b ). Cloud bands forming along suitably-located  
westerly waves bring  rainfall to  the summer rainfall region of South A frica  
and mark channels of momentum and energy efflu x  from the tropics by 
the mean meridional circulation. Tem perature gradients decrease and 
cyclone tracks are displaced south. A lternatively during  the low phase 
there is a marked change in the zonal grad ient of sea surface temper­
atures across the equatorial Pacific Ocean with warm water o ff the 
Peruvian coast (F ig . 10 -6a ). Sea surface temperatures in the Indonesian 
region may not necessarily decrease but the major heat source migrates 
toward the date line and descent occurs over Indonesia. Th e Walker 
Circulations over the Indian and western Pacific Oceans reverse with 
consequent w esterly anomalies at 200 mb across tropical A frica . As ob­
served by Harangozo and Harrison (1983) the tropical lows over southern 
A frica migrate northward and eastward towards the Indian Ocean. 
Tropical-tem perate troughs then tend to form in the Madagascar region
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(F ig . 10-6b) and below normal rainfall affects the central in terior of South
PROSPECTS FOR LONG-TERM RAINI-ALL FORECASTING OVER SOUTH  
AFRICA
One of the motivations fo r undertaking the work described in this thesis 
was to  develop ar, .'proved understanding of the underlying mechanisms 
of the circulation vacillations responsible or the rainfall variations across 
southern A frica with th e ultimate objective o f developing long-range 
rainfall forecasting techniques fo r the re g -m . The identification of the 
Southern Oscillation as ■ rep'ssentative o f , major mode of the rainfall 
variations represents a potentially valuable su'p towards this objective. 
In a review of the status of long-range prediction techniques Nicholls 
(1980) discussed various methods including the use of persistence of 
anomalies, of extrapolation of the cyclic portions of climate time series 
and of numerical modelling but concluded th at the most viable methods 
p resently available are based on teleconnections with low-frequency v a r­
iations of sea surface tem peratures. Use of teleconnections with features 
of the circulation other than sea surface temperatures but related to them 
is not new having formed the basis of W alker's (1923) attempts to predict 
Indian monsoon ra in fa ll. Reviews of early attempts to  extend and Improve 
the techniques of monsoon rainfall prediction, and to apply them to the 
rainfall of other regions, have been supplied by Namias (1968) and 
Ramage (1971) while updated syntheses have been provided  by B arnett 
and Somerville (1983) and Namias (1985). Attempts to foreshadow rainfall 
using the Southern Oscillation an d /o r sea surface te r ' jratures e ither in 
the tropical Pacific or other oceans Include tho.ri f&r the eastern 
equatorial Pacific li lands (Quinn and B u rt, 1970, 1972), fo r the Peruvian 
coast (Q uinn, 1974), fo r Indonesia (Nicholls, 1981), fo r north-east Brazil 
(Hastenrath et a / . ,  1984), for the United States of America (Lanzante 
and Harnack, 1982; Kung and Tanaka, 1985) and fo r the region of the  
Aslan summer monsoon (Khandekar, 1979; Kung and Sharif, 1982; 
Nicholls, 1983; Shukla and Paolino, 1983). Prelim inary attempts to 
forecast rainfall over South A frica using techniques developed on the
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basis of the links between the rainfall and the Southern Oscillation have 
provided an encouraging sta rt to attempts to employ teleconnections in 
long-range prediction over the subcontinent (Harrison et a l . ,  1985). 
Recognition of a mechanism by which the Southern Oscillation signal is 
transmitted to  southern A frica provides confidence that models fo r  
long-range prediction based on links with th e  Southern Oscillation may 
be formulated on physioally-sound foundations.
CONCLUSIONS
Signs of systematic tendencies of poleward momentum fluxes as rainfall 
increases va ry  through the year. Poleward transient fluxes decrease as 
rainfall increases in eight months whereas earth angular momentum fluxes 
are d irectly  related to rainfall in seven months. The annual cycle o f the 
transient fluxes  and the semi-annual cycle of the toroidal fluxes are of 
quasi-stable phase between years. Th e amplitude of the la tter cycle in­
creases with the rainfall such th at in the w etter high seasons there is 
an anomalous poleward flu x  and in th e  w etter transitional seasons an 
anomalous equatorward flu x . Increased poleward earth angular momentum 
fluxes in the w etter summer months result from stronger forcing of the 
Hadley Circulation across southern A frica by cumulus friction  and energy  
release in the vic in ity  of 20 *S over tropical A frica . Forcing of the Hadley 
Circulation declines In the w etter vernal transitional seasons.
Summer zonal and meridional component anomalies along the 30°E meridian  
in the high and low phases of the Southern Oscillation are consistent with 
anomalies over the central In terior of South A frica In w etter and d rie r
seasons respectively. High phase 200 mb easterly components at 20°S
are indicative of increased tropical convection. Barotropic instab ility also 
appears to  increase. The easterly anomaly extends across the Indian 
Ocean as p art of the Walker C lrculatio- ' —ed by heat release in the 
Indonesian region. Anomalies and Ocean Walker Circulation
reverse in the low phase. D iffer*. .sense of the Indian Ocean
Walker Circulation caused by changes amount and location of heat
release over the western tropical Pacific Ocean therefore influence the
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exten t of the convection over tropical A frica and hence the toroidal c ir ­
culation and rainfall ovur South A frica . Vern al transitional season 
anomalies are not consistent in similar manner to summer season anomalies 
with flow changes between wet and d ry  periods over the central in terior  
of South A frica . Th e Indian Ocean W alker Circulation is a weaker link  
between circulation variations over southern A frica and over the Pacific 
Ocean than in the summer season.
Circulation changes associated with the Southern Oscillation are the f irs t  
recognised control on southern African ra infa ll variations fo r which the  
sequence of cause and effect has been defined. Statistically only a 
fraction of the variance of th e  circulation and ra infa ll variations may be 
explained through the Southern Oscillation index and then only in part  
o f the ra infa ll season. Physically a model has been developed in which 
ra infa ll variations are associated with changes in the d istribution of sea 
surface temperatures over an ocean on the opposite side of the Hemi­
sphere to southern A frica , I t  is perhaps remarkable th a t values of the 
correlations are as high as they are. The model provides an incentive  
fo r  the exploration of associations between ra infa ll over southern A frica  
and sea surface tem perature over the remaining two southern oceans. 
P art of th e  unexplained ra infa ll variance may reside in these associations. 
Recognition o f mechanisms through which sea surface tem perature anom­
alies are translated to ra infa ll anomalies are a desirable but not an es­
sential step p rio r to the incorporation of statistical associations between 
th e  anomalies into long-range rainfall prediction models for the subcon-
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exten t o f the convection over tropical A frica and hence the toroidal c ir ­
culation and rainfall over South A frica . Vernal transitional season 
anomalies are not consistent In simila'- manner to summer season anomalies 
with flow changes between wet and d ry  periods over the central in terior 
of South A frica . Th e Indian Ocean W alker Circulation is a weaker link 
between circulation variations over southern A frica and over the Pacific 
Ocean than In the summer season.
Circulation changes associated with the Southern Oscillation are th e f irs t  
recognised control on southern African rainfall variations fo r which the 
sequence of cause and effect has been defined. S tatis tica lly only a 
fraction of the variance of the circulation and ra infa ll variations may be 
explained -hrough the Southern Oscillation index and then only In part 
of th e  rainfall season. Physically a model has been developed In which 
ra in fa ll variations are associated with changes in the distribution of sea 
surface temperatures over an c n the opposite side of the Hemi­
sphere to southern A fr ica . 1 -haps remarkable that values o f the
correlations are as high as are. Th e model provides an incentive
fo r the exploration of associations between rainfall over southern A frica 
and sea surface tem perature o ver the remaining two southern oceans. 
P ert o f the unexplained ra infa ll variance may reside in these associations. 
Recognition of mechanisms through which sea surface tem perature anom­
alies are t r a n ' ' xud to ra infa ll anomalies are a desirable b u t not an es­
sential step v r  to the incorporation of statistical associations between
th  1 anomalies ,o long-range ra infa ll prediction models fo r the subcon-
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CHAPTER 11
CONCLUSIONS
Models o f gtobsl-scele circulation controls on the annua) ra infa ll cycle and 
on the Inter-annual rainfall variations over the central In terior of South 
A frica have been developed, Prime components of the controls are 
intra-annual and Inter-annual changes in the generation of energy and 
momentum over southern tropical A frica . Rainfall over the central Inte­
rio r o f South A frica Is typ ically associated with a toroidal circulation of 
th e  sense of the Hadley Cell forced by tropical energy and momentum 
generation. Maximum forcing of the Hadley C irculation, and hence max­
imum ra in fa ll, occurs in January when the region of tropical energy re­
lease in the In ter-T ro p ica l Convergence Zone is fu rth e s t south. Periods 
of above-average energy release along the In ter-T ro p ica l Convergence' 
Zone are periods of higher ra in fa ll. Further important components of the 
controls are inter-seasonal circulation changes on a semi-annual cycle. 
Outgoing long-wave radiation budgets of the three regions of energy 
release over the tropical continents are all modulated on semi-annual cy­
cles. Maximum energy release over A frica on the semi-annual cycle oc­
curs at the time of maximum ra in fa ll. Circulation variations over the 
equatorial Pacific Ocean related to tha Southern Oscillation are an im­
portant remote control on energy release over tropical A frica . The signal 
from the Pacific Ocean i« transm itted to A frica , in p a rt, via the Walker 
Circulation across the tropical Indian Ocean. Control on Afr'can energy  
release is strongest in summer as a result of circulation changes on the 
semi-annual cycle. Changes of the circulation In the Southern Hemisphere 
on the annual and semi-annual cycles th erefore contribute towards the 
determination of both the intra-annual and the inter-annual temporal 
rainfall distributions over the central in terior of South A frica .
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Specific conch -ions may be listed as follov.s:
A . Properties o f ra in -b earing  systems over the central in terior of South
1. Eight major types of synoptic systems supply rainfall to the central 
Interiorof South A frica . Tropical-tem perate troug'is are marked in 
satellite images by cloud bands Unking the tropical cloud masses at 
a tropical low along the leading edge of a w esterly wave to a 
temperate -.yclone in the southern Indian Ocean. Truncated troughs 
are similar to tropical-tem perate troughs except th at the cloud band 
terminates at a coastal depression. West coast troughs are systems 
fo r which the cloud band terminates a t  a cyclone on th e west coast 
of the subcontinent. Subtropical cyclones are cyclonic vortices em­
bedded In the tropical easterly flow. Tropical cyclones and de­
pressions mainly affect the east coast regions. East coast troughs 
are overland extensions of fronta l systems. Coastal depressions are 
cyclonic vortices forming ahead of cold fronts which on occasion In ­
fluence inland regions. C u t-o ff lows are independent cyclonic 
vortices embedded In the temperate w esterly flow, Th e f irs t  five  
types are re ferred  to as tropical systems and the remainder as 
temperate systems.
2 . Tropical-tem perate troughs account fo r about 35 per cent of the 
ra in fa ll over th e  central In te rio r of South A frica and fo r about 60 
p er cent in January. Tropical-tem perate, truncated and west coast 
troughs account fo r 50 per cent of the ra in fa ll and 90 per cent in 
January . No single typ e of system other than the tropical-tem perate  
troughs provides more than 17 per cent of the mean annual ra in fa ll.
3 . Rainfall from tropical systems, and In particu lar from  
tropical-tem perate troughs, prim arily accounts fo r the amplitude and 
the phase of the annual ra in fa ll cycle over the western Orange Free 
State. Rainfall from the tropical-tem perate troughs decreases in
223
December relative to in November and January and causes the rainfall 
hiatus of Docember.
4 . The apparent semi-annual cycle in rainfall detected in earlier studies 
is a consequence of the mathematical techniques applied to temporally 
non-sym m etrically-distributed data. Rainfall from several o f the 
temperate systems is distributed  according to well-defined  
semi-annual cycles. These semi-annual cycles are in-phase with the 
semi-annual cycle of th e  circulation at temperate latitudes of the  
Southern Hemisphere.
5 . Rainfall departures in the January to  March summer season are de­
termined p rim arily by variations in rainfall from tropical-tem perate 
troughs. In the October to December vernal transitional season 
variations from several types of systems, both tropical and temperate, 
determine departures.
B . Properties o f the circulation over th e central in terior of South A frica
1 . T h ree  zones of the atmosphere, each withindividual properties, are 
present. In the boundary zona (surface to  700 mb) th e  mean flow 
is ageostrophic and the thermodynamic structure barocltnlc. In  the  
barotroplc zone (700 to 300 mb) the mean flow is geostrophic and the  
thermodynamic stru c tu re  quasi-barotropic, Geostrophic flow is also 
present in the baroellnic je t-stream  zone (300 to TOO mb).
2 . Th e annual cycles of tem perature and pressure are determined by  
th e  cycle of insolation and are typ itd l of continental atmospheres. 
Equivalent cycles elsewhere over South A frica are determined to 
vary ing  degrees by in teractions with the oceanic atmosphere. Re­
sultant changes In the zonal geopotential grad ient across South A frica 
at 30°S are modulated on a semi-annual cycle. Barotroplc and 
je t-stream  zone meridional winds are modulated on the semi-annual 
cycle with strongest poleward components in February and August.
The zonal flow is modulated, on the annual cycle of the meridional 
geopotentfaJ gradient.
The sense of the toroidal circulation across th e  central in terior of 
South A frica varies with the seasons, in the transitional seasons 
(th e  vernal transitional season is centred on November and the  
autumnal transitional season on May) the sense of the circulation is 
that of the Ferrel Cell with poleward flow below and equatorward flow 
above 500 mb. In the high seasons (summer centred on February 
and w inter on August) the sense is th at of the Hadley Cell although 
the flow is poleward at all levels. Dynamics of the toroidal circulation  
therefore vary  between the high and transitional seasons. 
Baroclinlcity is stronger in the transitiona1 than in the high seasons.
A t 200 mb the tem perature is moduiated on a semi-annual cycle. 
Phase consistencies between the temperature and meridional compo­
nent semi-annual cycles provide evidence fo r the presence of the 
subtropical je t-stream  throughout th e  year, the latitude o f which Is 
modulated on the semi-annual cycle. In February and August the 
je t lies to  the south of Bloemfontein.
A t Gough Island the semi-annual cycle of the meridional flow is 
anti-phase to th a t at Bloemfontein, imoiying th at a standing wave lies 
over the subtropical South Atlantic Ocean and th at its longitudinal 
location is modulated on a semi-annual cycle. Th e wave lies fu rth e r  
west In the high seasons.
In th e boundary zone tem perature decreases, specific humidity in ­
creases and easterly components strengthen In w etter months 
throughout the year. Pressure decreases only in the second half of 
the year and poleward components intensify only In eight months as 
rainfall increases. In the barotroplc zone signs of circulation anom­
alies In w etter months are seasonally dependent. Increased temper­
atures, geopotential heights, specific humidities and poleward 
components occur in the w etter high season months.
As ra infa ll Increases so amplitudes of the f irs t  harmonics o f most 
thermodynamic parameters and of th e  meridional component tend to
-r^ r;
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decrease while those o f.th e  second harmonics increase. The phase 
of the second harmonic of th e  meridional component remains 
quasi-stable in all years. In the barotropic and jet-stream  zones the 
poleward flow ( i .e .  the H adley-type circulation) intensifies in the 
w etter high seasons. The equatorward flow ( i .e .  the Ferre l-typ e  
circulation) is stronger in the w etter vernal transitional seasons. 
Increased longitudinal displacements of the Atlantic standing wave in 
th e  wetter months account In part fo r  the changes in the meridional 
circulation.
Close phase coherence is present in individual years between the  
tem perature and the meridional component on the semi-annual but not 
on the annual cycles indicating that the two are related by advection 
on th e  form er though not on the la tter cycle. Changes in the 
structure of the atmosphere are such that a» rainfall increases so 
both the static and the thermodynamic stabilities of the atmosphere 
decrease in most rainfall season months.
9 . Mean kinematic structures of the atmosphere on rain and no rain days 
va ry  systematically with rainfall in similar manners to the overall 
stru c tu re  of th e atmosphere. Circulation changes between wet and 
d ry  periods do not resu lt, there fore , simply from frequency changes 
o f rain and no rain days but also from structura l changes on all days. 
T hus in summer the Hadley Circulation is intensified on a daily basis 
in the w etter months.
C . Properties o f the re lative angular momentum and of the meridional 
momentum flu x  across the central in terior o f South A frica
1. The earth angular momentum flu x is poleward in all months apart from  
May and ismodulated on a semi-annual cycle with peak poleward fluxes 
in the high seasons. The circulation flu x  Is modulated on a 
semi-annual cycle with poleward fluxes In the high seasons and 
equatorward fluxes In the transitional seasons. The magnitude of 
the circulation flu x  is comparable with that of the transient flu x .
I
Th e transient flu x  remains poleward throughout the year and is 
modulated on an annual cycle with a maximum flu x In w inter.
Th e earth angular momentum flux on rain days is always poleward 
in the mean end Is modulated on an annual cycle with maximum 
tran spo rt in summer. The no rain earth angular momentum flu x  is 
equatorward except in w inter and is mod-dated on a semi-annual cy­
cle. Transient fluxes on both types of days are poleward throughout 
th e  year (except in August and December on rain days) with that  
on no rain days modulated on an annual cycle and th a t on rain days 
on both an annual a rd  a semi-annual cycle. Th is la tter semi-annual 
cycle is anti-phase to th at of the toroidal fluxes and of an amplitude 
such th at in the transitional seasons the poleward tran s ien t flu x  on 
rain days is counterbalanced by the equatorward circulation flu x  on 
no rain days.
In excess of 50 per cent of the poleward earth cnguler momentum flu x  
is carried in the v ic in ity  o f tropical-tem perate » '■'s the rainfall
season months. Th e bu lk of the tran spo rt / "sient flu x  on
rain days is carried on the tropical-tem perate n the tran s i­
tional seasons. No system dominates the tran s ,.. .  in the summer 
months.
Westerly components are stronger on rain than on no rain days, a 
fea tu re  associated with the marked t i l t  of w esterly troughs over 
southern A frica . Rainfall Is th erefore associated w ith generation or 
convergence of momentum to the north of the troughs.
T h e  re lative angular momentum Is not modulated on a large-amplitude  
semi-annual cycle despite the presence of the cycle In the Corlolis 
torque. The cycle o f generation b y the Corlolis torque Is probably  
negated by an anti-phase cycle in the latitudinal transient flux con­
vergence.
Several other components of the momentum budget undergo  
semi-annual cycles. These Include the mountain to rq ue , with maxi­
mum tran s fe r o f w esterly momentum to the atmosphere In th e  high 
seasons, and, possluly, the vertical transports by th e  mean flow and
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by the transients. Th at by the mean flow is anomalously upward in 
th e  high seasons whereas the phase is reversed fo r the transients. 
Surface stresses in the African region undergo semi-annual cycles 
in phase with the cycle of the toroidal flu x .
7 Generation of momentum through surface stresses transported 
poleward across the central in terior of South A frica by the mean flow  
on rain days takes place across A frica In the vicin ity of 20°S and 
destruction across the oceans at 50°S. Surface stresses over tropical 
South America account fo r generation of some of the westerly mo­
mentum transported equatorward ?.c...ss Bloemfontein on d ry  days. 
The semi-annual cycle in the la tter flu x  derives from the cycle in the 
longitudinal location of the Atlantic wave and possibly from an 
equivalent cycle In the generation of momentum over the Amazon 
Basin. Adjustments In the wavelengths of the troughs over the 
subcontinent following the longitudinal movements of the wave account 
fo r the existence and the phase of the semi-annual cycle of the 
transient flu x  on rain days.
8. Th e amplitudes of the second harmonics of the toroidal fluxes increase 
in the w etter years. The fluxes are anomalously poleward In the high 
seasons and anomalously equatorward in the transitional seasons. 
Poleward transient fluxes are stronger in the w etter months o f Feb­
ru ary , March, A p ril and November.
9 . Phase angles of the f irs t  harmonics of the re lative angular momentum 
and of the transient flu x  are stable between years as are phase angles 
of the second harmonics of the toroidal fluxes. Only changes on the 
semi-annual cycle affect toroidal fluxes on rain days.
D . Determinants of the annual ra infa ll cycle and of ra infa ll variations
1. Tropical-tem perate troughs form at times of interaction between the 
tropical and temperatecirculations and mark channels fo r the poleward  
export by the mean meridional circulation of momentum and energy
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generated along the In ter-T ro p ica l Convergence Zone. The troughs  
develop most freq u en tly  when the region of active tropical convection, 
th e  In ter-T ro p ica l Convergence Zone, is fu rth e st south in January. 
Momentum and energy generation over A frica in the vic in ity  of 306S 
is a necessary condition fo r the formation of tropical-tem perate 
troughs. Interaction between the In ter-T ro p ica l Convergence Zone 
over North A frica and Southern Hemisphere westerly troughs Is in­
hibited in w inter by the presence of equatorial easterlies interceding  
between the systems. Hence tropical-tem perate troughs rare ly  form  
in w inter.
2 . H igher ra infa ll in the summer season accompanies an intensified  
Hadley Circulation and enhanced momentum and energy generation 
over tropical southern A frica . Higher rainfall in the vernal tran s i­
tional season accompanies an intensified Ferrel Circulation although 
the Hadley Circulation is intensified on rain days. Both enhanced 
momentum and energy generation over tropical southern A frica and 
increased impacts from the circulation of the standing wave over the 
Atlantic Ocean occur in the w etter months.
3 . Rainfall over the central in terior of southern A frica is normally nil 
o r lig h t when tropical-tem perate troughs overlie Madagascar ra ther 
than the subcontinent. Patterns of d irectly inverted frequencies of 
troughs over South A frica and Madagascar occur only from November 
to January. Thus longitudinal displacements of the standing waves 
and hence of the tropical energy sources alone do not account fo r 
the rainfall variations.
4 . Th e Southern Oscillation is a major mode of the inter-annual circu­
lation variations forcing climate anomalies over South A frica . Rainfall 
from the tropical-tem perate troughs alone Is correlated with an index 
of the Snu'.hern Oscillation at zero lag.
5 . One mechanism by which the Southern Oscillation signal is transmitted
to  southern A frica is via the Indian Ocean Walker Circulation. In ­
creased rainfall in the Oscillation's high phase in summer results from 
enhanced heat release in the convection over tropical southern Africa 
caused by zonal circulation adjustments In tho Walker Circulation and
4
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hence from an abcve-normal frequency of tropical-tem perate troughs 
across South A frica . In the low phase of the Oscillation the sense 
of the Indian Ocean Walker Circulation reverses and consequently 
fewer bands form across South A frica .
6 . The association between the Southern Oscillation and South African  
ra infa ll is weaker In the vernal transitional than In the summer sea­
son. Th e sense of the anomalous Indian Ocean Walker Circulation in 
the vernal transitional high phase is opposed to that in summer. 
Thus the control on the African source from circulation changes over 
th e  Pacific Ocean is reduced by comparison to during the summer 
season and the Southern Oscillation is a weaker determinant of rainfall 
anomalies.
W ater is a major component of and a link between the atmospheric, eco­
logical and economic environments o f southern A frica . Consequences of 
excesses o r deficiencies o f water to the ecology of the subcontinent and 
to the economies of the countries in the region are well appreciated so 
it  Is pertin en t to note th at the periodic floods and droughts are them­
selves results o f changes in rainfall over other parts of the globe, Latent 
energy released by condensation o f atmospheric water vapour is in part 
responsible fo r  the forcing  of the atmospheric circulation across the 
globe. Latent energy released over tropical A frica forces the Hadley 
Circulation across southern A frica which is associated with rainfall over 
the in terior o f South A frica . Latent energy released in the Indonesian 
region forces the W alker Circulation across the tropical Indian Ocean and 
in tu rn  forces a circulation over tropical A frica suitable fo r the formation 
of extensive convection and for the release of latent energy. A decline 
in the rainfall and in th e energy release In the Indonesian region leads 
to a consequent decline in energy release over tropical A frica and to 
drought over southern A fr ica . Rainfall over the central In terior of South 
A frica is thus a result o f a chain of interacting modes of the circulation  
across the Southern Hemisphere in which rainfall itself acts as a major 
lin k . T he chain m; y not simply stop with rainfall over South A frica as 
fu rth e r  la tent energy Is released which may reinforce the existing c ir ­
culation o r force new modes to develop.
The global nature o f the controls, on South African ra infa ll requires that 
the causes o f the rainfall variations be studied on appropriate spatial 
scales. The Southern Oscillation is only one large-scale mode of operation 
of the atmosphere, albeit a major one. I t  in important that o ther modes 
o f operation be examined to determine th e ir  relationships to the circulation 
over southern A frica so th at dynamics of th e  rainfall variations in the 
region may be fu lly  absorbed in all respects Into models of the global 
circulation. To date the atmosphere over southern A frica has received 
less detailed study than the atmospheres over the remaining continental 
regions of the Southern Hemisphere. Only through exhaustive examina­
tion o f the circulation dynamics over th e  subcontinent may interactions 
between the local and the global circulations be defined so th at local 
rainfall variations may be Interpreted within the context of the general 
circulation o f the atmosphere. Improved comprehension of the dynamics 
o f the ra in fa ll, in addition to the possible development of techniques fo r 
long-range prediction, would be the outcome of such a study and would 
represent an important contribution by meteorologists to the under­
standing and the utilisation ot the environment of the southern African  
subtropics.
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APPENDIX A |
i
PRINCIPAL COMPONENT AND HARMONIC ANALYSES
PR INCIPAL COMPONENT ANALYSIS
Only the calculation of principal components from the n b> n correlation 
m atrix , R , of an z. by n data m atrix, X , will be considered.
Th e eigenvalues (X ,^ I s 1 to  n ) o f R are obtained from solutions to the 
characteristic equation
IR  - y |  = 0 A -l
where I Is th t  n by n Id entity  m atrix.
Th e eigenvectors of R may then be obtained from solutions to tho series 
of equations
(R  - XjDVy = 0 / = f to n A -2
where the Vy are the eigenvectors.
To obtain the principal components n linear combinations of the elements 
of R must be formed subject to the constraints o f orthogonality, i.e .
$l) “ el1 r 1l * Bl2r2j  *  = ? to m, I  -  1 to n)
such that the f irs t  combination captures the maximum possible variance, 
th e  second th e maximum possible of the remaining variance, etc.
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where S Is the m by n m atri/. of component scores and E is identical to 
th e  n b y /? matrix of eigenvectors, V ,
The orthogonality constraint Is
Vf V = I. A -4
To calculate the variance captured by each component m ultip ly both sides 
of A -3  by th e ir  transposes (denoted by a £)
sf s » e V x e  A -5
Form a diagonal n by n m atrix D of the eigenvalues from Equation A-1 
then, a fte r standardisation o f the variables X , by definition
k  = X f X  = VD V1. A -6
Substituting in A -5  from A -6
S^S = V ^ V D V ^ V  = D . A -7
Hence the total variance of the components Is equal to trac e (D ) and the 
percentage of the variance captured by component I  is given by 
(X /tra c e (D ))x 1 0 0 .
T o  obtain the loadings (in  the m atrix L ) we need to calculate the corre­
lations between the scores and the original variables, For observation
1 o f variable I  the correlation is
l „  =
or L = VD *
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i.e .  the loadings are obtained by scalar multiplication of the eigenvectors 
by the square roots of the eigenvalues.
HARMONIC (FOU RIER ) ANALYSIS
A stationary function, f ( t ) ,  in the range of f  from - it to s may be w ritten  
as the sum of a series of sine and cosine functions of the form
f ( t )  = Og/2 ♦ Eo^cosArt * Zb^r.inkt A -8
where k  is the /'th  of n /2  harmonics, oa Is th e  amplitude of the zeroth  
harmonic (the mean) and and are the coefficients of the terms of 
the k  harmonics.
A ltern a tive ly  let
bk  = Ak  S|"V
Then
f i t )  -  a j l  ♦ EAfc(cos/rt cos#^ ♦ sinkt slmf^,)
= Oe/2 ♦ tA k  cos(/rt -  *k )
where Ak  = (o^2 4 6 ^ 2)^ Is the amplitude of the k 'th  harmonic and = 
ta n -1(b ^ /d ^ ) Is the phase angle of the fc'th harmonic.
To obtain the values o f multiply A -8 by cosst and integrate from
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//( t )c o s s t  d t = (o ,/2 ) /c o s s t d t ♦ IVo^cosktcosst d t * 2/ti^sinktcosst dt,
All terms in the th ird  summation are zero fo r any k  and j  and In the  
second summation except for k  -  s when the value of the integral Is ir. 
Th e f irs t  term is zero except when a- = 0 when its value is o ,n . Hence
//( t jc o s s t  d t = o^n
o r = ( /f ( t )c c s s t  dt)/-.?. A-9
Th e series f ( t )  has n  points in the in terval -s to ir, hence fo r the * 'th  
harmonic
s -  2n k /n .
Setting At == 2»/n  and w riting  A -9 as a fin ite  summation 
ok  = (2 /n )  E f(t)v 0s (2ir k t /n ) .
Similarly by multiplying by sin.ft we obtain
= (2 /n )  E f(t)s in (2 iik t/n ) ,
In all cases in the te x t of this thesis n  = 12, hence 2s/n  = 30°.
The variance captured by each harmonic k  is given by  
x 100
where the summation Is from 1 to n /2 ,
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APPENDIX B
HARMONIC ANALYSES OF THE STANDARD D EVIATIONS OF 
TEMPERATURE, PRESSURE, ZONAL AND MERIDIONAL COMPONENTS A T  
BLOEMFONTEIN
Thermodynamic parameters
Maxima on the f irs t  harmonics of the standard deviations of both tem­
peratures and heights occur during  the w inter months (F ig s. B-Ta and 
e ) .  For the heights the maxima occur in mid-July at most levels con-- 
cu rren tly  with minima of the temperatures and heights themselves (c f. 
Figs. 4-2a and c ) .  A p art from In the lowest layers the maxima in tem­
p era ture variances occur about 15 days earlier than those in heights. 
Continental controls on th e  gsoi-vtential height variances are indicated 
by the phases of the harmonics. In the stratosphere the phase reverses 
toward that o f the pressure wave Itse lf. Only in the vicinities of the  
600 to 400 and 200 to 150 mb layers do the phase angles o f the f irs t  
harmonics o f the standard deviation* of tem perature match that o f the 
continental avftiosphere. A p art from lesser deviations at around 300 and 
100 mb the phase angles sh ift m arkedly from those of the temperature in 
the region of the surface to 600 mb levels, with the largest departure  
at the surface. Deviations on the annual thermodynamic wave have a 
mixed barotropic and baroclinic structure .
Throughout the layer 700 to 300 mb maxima in the height variances on 
th e  second harmonics (F ig . B - ld )  occur synchronously with minima in 
th e  heights in mid-May/November (c f. Fig. 4 -2 d ). Only near the surface 
and in the highest levels of the troposphere do the phases correspond. 
T he second harmonic o f the standard deviation of temperature explains 
a major portion o f the variance in th e  lower troposphere and at 300 mb,
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Fig u re 8 - 1 ,  Results o f harmonic analyses of standard deviations 
of temperatures and geopotential heights a t  Bloemfontein: o ) 1st. 
harmonic of standard deviation of tem perature; b )  2nd. harmonic 
of standard deviation of tem perature; e ) 1st. harmonic of 
standard deviation o f geopotentlai height; d )  2nd. harmonic of 
standard deviation o f geopotentlai h e igh t. In  c )  and  d )  surface 
values re fe r to harmonics o f the pressure Itse lf using the ampli­
tude abscissa scale In  units o f mb x  70 -1.
where it Is dominant (F ig , B - lb ) .  The phase angle of the harmonic 
changes constantly with height. It  Is similar to th a t o f the second har­
monic o f the tem perature only near the surface and In th *  vicinities of 
300 and 150 mb (c f. F ig. 4 -2 b ) . I t  is out of phase with th a t of the height 
variations except around 600 and 100 mb. T hus while the annual and 
six-month thermodynamic waves and the disturbances on the annual wave 
have a quasi-baro irop lc s tru c tu re  in th e  u p per-troposphere, the dis-
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turbances on the six-month wave are baroclinic throughout the layers 
between the surface and 100 mb.
Kinematic parameters
Amplitudes of f irs t  harmonics o f the standard deviations of th e  zonal wind 
are approximately one-half of those of th e wind itse lf a t ail levels to about 
300 mb (F ig s. B-2a and 4 -5 a ). Above 700 mb the maximum variation In 
the zonal winds occurs about one month before the maximum wind speeds 
a t the same time as the maximum variation o f geopotential heights (F ig . 
B - lc ) .  Th e f irs t  harmonic is dominant in the deviations of the zonal wind 
at all levels except 150 mb. Whereas the phase of the f irs t  harmonic of 
th e  meridional wind changes constantly with altitude (F ig . 4 -5 c) th at of 
th e  f irs t  harmonic o f th e standard deviation o f the meridional wind re 
mains quasi-constant (Fig-, B -2 c ). Largest am plitude atmospheric dis­
turbances occur in m id-w inter synchronously with maxima of the variances 
of the zonal components, temperatures and geopotential heights. Ampli­
tudes a t  all levels are o f similar magnitude to those of the zonal means 
(Newell et a l , ,  1974).
T he second harmonics o f monthly standard deviations o f the zonal com­
ponents explain more than 10 per cent o f the variance only at 150 mb 
(F ig . B -2 b ), at which level th ey also explain th e ir  maximum variance in 
th e  zonal winds themselves (F ig , 4 -5 b ). Th e phase of the harmonic of 
th e  deviations changes rapidly between th e  surface and 600 mb, above 
which level maxima occur In early June and December. Between 600 and 
300 mb the peaks In th e  standard deviations occur up to  two months a fte r, 
b u t from 300 mb upwards w ithin a few days o f, th e  wind maxima. Am­
plitudes of the second harmonics of the standard deviations of the 
meridional winds (F ig , B -2d ) are , In the levels around 200 mb, approx­
imately double those fo r the zonal means (Newell e t a h , 1974), Th e phase 
angles of the harmonics are variable except above 500 mb, where the peak 
dates sh ift from December to mid-November. Above 300 mb th e  peaks
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turbances on the six-month wave are baroclinlc throughout the layers 
between the surface and 100 mb.
Kinematic parameters
Amplitudes of f irs t  harmonics of the standard deviations of the zonal wind 
are approximately o ne-half of those of the wind Itse lf a t all levels to about 
300 mb (F ig s. B-2a and 4 -5 a ). Above 700 mb the maximum variation in 
th e  zonal winds occurs about one monch before the maximum wind speeds 
at the same time as the maximum variation of geopotential heights (F ig . 
B - lc ) .  T he f irs t  harmonic is dominant in the deviations of the zonal wind 
at all levels except 150 mb. Whereas the phase of the f irs t  harmonic of 
the meridional wind changes constantly with altitu d e (F ig . 4-5c) th at o f 
the f irs t  harmonic of the standard deviation of the meridional wind re­
mains quasi-constant (Fig-. B -2 c ). Largest amplitude atmospheric d is­
turbances occur in m id-w inter -ynchronously with maxima of the variances 
of the zonal components, temperatures and geopotential heights. Ampli­
tudes at all levels are of similar magnitude to those of the zonal means 
(Newell et a / . ,  1974).
T h e  second harmonics of monthly standard deviations o f the zonal com­
ponents explain more than 10 p er cent o f the variance only at 150 mb 
(F ig . B -2 b ), a t which level th ey also explain th o ir maximum variance in 
th e  zonal winds themselves (F ig . 4 -5 b ). Th e phase of the harmonic of 
the deviations changes rapidly between the surface and 600 mb, above 
which level maxima occur in early June and December. Between 600 and 
300 mb the peaks In the standard deviations occur up to two months a fte r, 
b u t from 300 mb upwards within a few days o f, the wind maxima. Am­
plitudes of the second harmonics of the standard deviations o f the 
meridional winds (F ig . B -2d ) are, In the levels around 200 mb, approx­
imately double those fo r the zonal means (Newell et a / . ,  1974). The phase 
angles of the harmonics are variable except above 500 mb, where the peak 
dates sh ift from December to  mid-November. Above 300 mb the peaks
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Figure  6 * 2 .  As F igure B -1 but fo r:  a )  1st. harmonic of standard  
deviation of zonal component; £>) 2nd. harmonic o f standard de­
viation of zonal component; c )  1st. harmonic of standard deviation  
of meridional component: d )  2nd. harmonic of standard deviation  
of meridional component.
occur about 15 days before th e  corresponding peaks on the standard  
deviation of the zonal winds (F ig . B -2 b ). Above 500 mb the second 
harmonic of th e standard deviation of the meridional winds Is closely 
anti-phase to the second harmonic of the meridional wind Itse lf. Thus 
the maximum variation in the meridional wind occurs around the times of 
maximum equatorward flow at upper levels, i.e . at the time of the  
strongest Ferrel Circulation. Conversely the minima occur around the  
times when th e  mean flow throughout the troposphere Is directed  
poleward. Maximum variab ility  on the annual wave (F ig . B -2a) occurs 
with the w inter peak poleward flow on the semi-annual cycle.
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APPENDIX C
ATMOSPHERIC ZONES A T BLOEMFONTEIN
Based on the harmonic analysis results In Chapte,- 4 and Appendix B four  
zones of th e  atmosphere over Bloemfontein may be defined (F ig . C - l ) .  
In the boundary zone, which stretches from the surface to the 700 mb 
level, the annual tem perature and pressure waves are anti-phase (F ig . 
C -2 ) and both reflect continental ra ther than oceanic controls. 
Thermodynamic processes In the zone are prim arily baroclinic. Meridional 
winds In the boundary zone are always poleward In the mean with 
strongest poleward components In November. Mean meridional and zonal 
components are ageostrophic.
STRATOSPHERIC JET STREAM 
TROPOSPHERIC JET STREAM
Figure C -1 . Approximate limits o f the major atmospheric zones over 
Bloemfontein and th e ir major thermodynamic and kinematic pro p erties.
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BOUNDARY ZONE
1 FEBriUAflY
Figure C -2 . Summary of the properties of the boundary zone: 
phases of the annual and semi-annual waves of tem perature ( 7 ) ,  
surface pressure ( p ) ,  geopotential height ( z ) ,  specific humidity 
l q ) ,  total static energy ( t j ) , zona! (u )  and meridional wind 
speed ( v )  and appropriate standard deviations ( a ) .  Subscripts 
denote the levsl o f the d ata, e ither the surface (S U R ) or a 
standard pressure level In  mb; solid lines represent maxima on 
the f irs t  harmonics and dashed lines summer maxima on the sec­
ond harmonics. O nly harmonics explaining more than 10 p er cent 
of the varlancL are p lo tted . Note th a t lengths of the lines In  
no way re flect amplitudes o f the harmonics.
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1 AUGUST
Figure C -3 , As F igure C -2  b u t fa r  the barotroptc zone.
Th e layers between 700 and 300 mb may be re fe rred  to as the borotroplc 
zone in view of the quasl-barotroplc nature of both the annual and 
semi-annual thermodynamic waves in this region. Firs t harmonics domi­
nate cycles o f all parameters apart from th at of the meridional winds in 
which second harmonics are dominant (F ig . C -3 ) .  Both zonal and 
meridional winds are geostrophlc above 700 mb. Continental u ntrols on 
th e  thermodynamic cycle are present b u t the zonal winds are In phase 
with those of the hemisphere and do not reflect local continental controls.
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JET STREAM ZONE
I SEPTEMBER
Figure  C -4 . As Figure C -2 b u t fo r the je t-stream  zone.
Th e region above 300 mb, the je t-stream  zone, may be sp lit into two 
sub-regions -  the tropospheric je t-stream  zone below 200 mb and the  
stratospheric je t-stream  zone between 200 and 100 mb. Disturbancfls on 
the second harmonics throughout and on the f irs t  harmonics of the 
thermodynamic wave in the stratospheric jet-stream  zone are baroclinlc. 
T h e second harmonics make Important contributions to the cycles o f se­
veral parameters with maxima at 200 (tem perature) o r  150 mb (o ,g . de­
viations o f the zonal w ind) and are dominant fo r the meridional wind 
throughout the zone (F ig . C -4 ) .
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APPENDIX 0
X TH E M ERIDIONAL CIR C ULA TION  AND THE SUBTROPICAL JET-STREAM  
OF THE SOUTHERN HEMISPHERE
M ERIDIONAL WINDS OF THE SOUTHERN HEMISPHERE
Few studies of meridional components over the Southern Hemisphere have 
been attempted because of the difficulties of accurate measurement of 
winds over the oceanic regions. Using observational data obtained during  
the International Geophysical Year Obasi (1963b) calculated values of 
mean meridional wind speeds across the hemisphere at a number of levels 
b u t only fo r averages over six-month periods. On the basis of Obasi's 
data and periods Gilman (1965) estimated the zonal mean meridional ve­
locity from hemispheric balance requirements. Both sets of calculations 
suggest th at no change occurs in the direction of the 200 mb flow at 30°S 
between the summer and w inter seasons, There  appears to be a seasonal 
reversal o f the meridional wind over the ocean a t  30°S to  th e  east of 
A frica according to  the Eulerlan analyses o f Newell et a l. (1972) in which 
averages were calculated across three-month seasons, but no similar re ­
versal occurs at th a t latitude over Australia (Newell et a l . ,  1974). Evi­
dence fo r a seasonal reversal in th e  zonal mean meridional wind directions 
was provided by Lagrangian data from the GHOST, EOLE and TWERLE 
constant-level balloon experiments (Solot and Angell, 1969, 1973; Angell, 
1972, 1974; The TWERLE Team, 1977). In particu lar a six-month cycle 
in zonal-mean meridional winds at 200 mb and 30°S w ith  a phase displaced 
b y one month (maximum poleward flow in March) from that at Bloemfontein 
(F ig . 4-5d) Is present in the GHOST data (Solot and A ngell, 1969, 1973; 
A ngell, 1972). An apparent reversal of the phase of the cycle between 
th e  200 and 100 mb levels (Solot and Angell, 1973) 1s not repeated in the 
Bloemfontein data. The GHOST results may not be reliable, however, 
as a consequence of Inaccuracies In the estimation of Eulerlan quantities
i
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from Lagranglan data (D y e r , 1973; Webster and C u rtin , 1974). New 
studies of the meridional winds in the Southern Hemisphere may become 
possible using results from  the A ustralian numerical analyses (T ren b erth , 
19bi) and from the FGGE data set (Bengtsson et a t . ,  1982) but it  appears 
th a t th e  Bloemfontein data (F ig . 4 -6 ) ,  with the possible exception of the 
GHOST data, present the f irs t  conclusive evidence of a six-month oscil­
lation in the meridional winds at any location in the Southern Hemisphere.
Harmonics o f the 200 mb meridional components have been calculated at 
all stavions in South A frica and Namibia (F ig . D -1 ) . Second harmonics 
are dominant at Port Elizabeth, Cape Town and Pretoria in addition to 
at fjloomfontein. A t Port Elizabeth the maximum on the harmonic corre­
sponds to within 12 days of th at at Bloemfontein, at Cape Town the 
summer peak is delayed slightly by comparison b u t at Pretoria it  occurs 
somewhat ea rlie r. Th e amplitude of the second harmonic is negligible at 
Windhoek and is re latively small a t the coastal stations of Alexander Bay 
and D urban. Except at Windhoek all summer maxima occur In January  
o r  February, Dates of maxima on the f irs t  harmonics v a ry  markedly 
between stations. Inspection of Figure 7.14 of Newell and Kidson (1979) 
(quantita tive analysis is not possible fo r  the published data) suggests 
th a t a semi-annual cycle in the 200 mb meridional flow may be p res en t1 
over th e  Indian Ocean at 30°S and 40°E b u t is probably absent over the  
A tlantic Ocean at 30eS and 0°E . Reversals o f the meridional flow are 
p rim arily lim ited, th ere fo re , to the central parts o f the subcontinent with 
no, or at most a weak, co u n trrp art over the surrounding subtropical 
oceanic regions. This fact may explain why the phenomenon has not been 
detected before and why the amplitude of the second harmonic of the 
standard deviations of the meridion wind at 200 mb is double th at of 
the zonal mean (see A ppendK 3 ) .  Equivalent calculations fo r the 200 
mb tem perature reveal that the peak of the annual wave of tem perature 
moves northward and eastward during  the summer months while th a t of 
th e  semi-annual wave moves In the opposite direction (F ig . D -2 ) . Fu rther  
th e  annual cycle Is stronger over the western parts and the semi-annual 
cycle over the eastern parts of the cou n try , changes related to  the 
v a ry in g  continental and maritime Influences. Only a few days separate 
th e  maxima of the second harmonics of the tem perature and meridional 
components a t  all stations. Rather longer periods separate the maxima
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Fig u re 0 - 1 .  Dates of (sum'ner) poleward maxima of the annual 
. ip e r values) and semi-annual (low er values) 200 mb meridional 
component waves at South A frican  and Namibian radiosonde 
stations. F igures give amplitudes of waves In  m s-1 and. In  
brackets , explained variances.
of th e f irs t  harmonics, particu larly a t  the northern stations. Temper­
atures are re lated , th erefore , to changes in advection resulting from 
reversals of the meridional component on the semi-annual but not on the  
annual cycle.
THE SU B T'.-jpJC A L JET-STREAM  OF THE SOUTHERN HEMISPHERE
Th e h a lf-ye arly  oscillations in zonal mean upper-tropospherlc temperature 
at 30°S appear to be related to  shifts in the mean latitude of the sub­
tropical je t-stream  (van Loon and Jenne, 1970b). Over A ustralia, where 
It  is best developed and has been studied in det»,; (W einert, 1968; Brook,
f A . " '  -
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Figure D -2 . As F igure  0 -7  but fo r 200 mb temperatures. Am- 
pfitvdes In  <>C .
7982), the mean latitude of the je t undergoes a six-month oscillation with 
n ortherly extremes in May and November. No equivalent studies of the  
je t in the South African region have been undertaken. According to 
Taljaard (1981b) the je t  does not appear in the mean monthly circulation  
fields even in the w in ter months, perhaps because it  is e ith er too weak 
or too variable in location. Nevertheless it  is clearly defined at 25 to 
30°S .in  w inter meridional cross-sections at 20°E (Hofm eyr, 1961, 1970) 
and over the southern parts o f the subcontinent in th e  200 mb Ju ly  
geostrophic zonal wind field  presented by van Loon et a l. (1971 ). Under 
the assumption that th e  je t behaves sim ilarly over South A frica to over 
Australia then , following W einert (1968), it  should be located In the mean 
to th e  north o f Bloemfontein d u rin g  May and November and to  the south 
of th e city in August and Feb ru ary. This postulate is consistent with  
the observed meridional winds (F ig . 4 -6 ) and with the analyses o f lo­
cations of the je t In the southern African region of Phillpot (1962). 
’ -i of thu zonal flow are at a higher level in the transitional months 
the meridional flow is equatorward than in the peak seasons when
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it Is poleward (Katsiair.birtas, 1979), Higher levels of the wind maximum 
also occur to the south of the je t over Australia (F ig , 6 of Brook, 1982), 
Latitudinal movements of the je t probably account fo r the variations in 
the level of th e  strongest zonal winds as reflected in the second harmonics 
of the zonal wind and of its deviations at 150 mb (F igs. 4 -5b  and B -2 b ), 
both of which reach maxima when the je t is to the north of Bloemfontein. 
No theory of the causes of the movements of the je t has been developed.
D irectly equivalent reversals of the 200 mb meridional component to those 
at Bloemfontein also occur at Marion Island (Katsiambirtas, 1979). T h ts e  
reversals may be In terpreted  in terms of the location and strength of the 
je t near 45°S over the southern Indian Ocean (see charts of van Loon 
a l , ,  1971) ra th er than of the subtropical je t Itse lf, Marlon Island lies 
close to  the region of wind maximum in the je t (van Loon et a l . ,  1971). 
i t  may be in ferred  that there Is a region between >hf southern coast of 
A frica and Marion Island over which the sem. ■n r-ual cycle of the 
meridional component is anti-phase to  th a t a t B iw . iontein and Marion 
Is land, T he close phase correspondence of the harmonics at Bloemfontein 
and a t  Marion Island remains to be explained.
Positions of the subtropical je t stream speed maxima In both hemispheres 
are longitudinally collocated with regions of tropical convection (B jerknes, 
1966a, 1969; Krishnamurtl et a l . ,  1973; Murakami and Unninayer, 1977; 
Paegle et a l . ,  1979; Paegle and Paegle, 1983), Peaks of the standing  
wave kinetic energy of the 200 mb flow occur to the south-east o f the 
southern continents during th e  high seasons and modelling studies have 
Indicated th a t these peaks may be related to the continental tropical heat 
sources (Paegle et a l . ,  1983; Nob re , 1983). The d irect association be­
tween tropical convection and locations of je t stream wind maxima has been 
confirmed In the Northern Hemisphere (R leh l, 1981; Chang and Lum, 
1985). Thus during  the summer the je t moves south when 
tropical-tem perate troughs are present over southern A frica In similar 
manner to  th e  je t In the vic in ity  o f the Pacific cloud band (V incent, 
1982). Similar behaviour of the Northern Hemisphere je t occurs (R iehf, 
1981). Frequent reversals of the meridional flow accompanying vary ing  
weather conditions over the central In te rio r of South A frica thus result 
in rapid fluctuations of the latitude of the je t which consequently does
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not appear In the mean summer and transitional seasons circulation fields 
of the South African sector of the Southern Hemisphere. The poleward 
earth angular momentum flu x  in w in ter is re latively consistent and thus 
the je t lies quasi-constantly to the south of Bloemfontein and appears In 
the mean circulation fields of th at season (Hofm eyr, 1961, 1970; van Loon, 
1972d),
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CIR C ULA TION  VA R IA TIO N S ON SEMI-ANNUAL CYCLES
T h e  six-month wave is an important feature o f the atmospheric circulation 
of the Southern Hemisphere, both in the tropics (van Loon and Jenne, 
1969) and In the middle and high latitudes (van  Loon, 1967b). in 
southern tropical la titudes the westerly component of the 200 mb zonal 
wind reaches maxima in May and November at the times of the peak 
equatorward flow in the barotropic and jet-stream  zones over Bloemfontein 
(F ig . E - l ) .  r , obal variations o f the relative angular momentum on the  
semi-annual cycle also reach maxima in May and November (Rosen and 
Salstein, 1985). Over A frica the six-month wave In the zonal winds is 
dominant a t  Luanda (van Loon and Jenne, 1969) and at Nairobi (van Loon 
and Jenne, 1970b). Variations of the zonal wind are consistent with  
adjustments in the trop ical-subtropical temperature gradients. A t 
Nairobi, fo r example, the six-month wave in the 200 mb temperature is 
anti-phase to  th a t at Pretoria such th a t the temperature grad ient between 
the two stations undergoes a six-month oscillation with Nairobi warme,' 
than Pretoria in May and November and vice versa in February and Au­
g ust (van Loon and Jenne, 1969).
A t around 45°S the phase of the second harmonic o f the zonal wind Is 
anti-phase to tha1; in tropical la titudes, I.e .  maximum westerlies occur in 
February and August, although at 200 mb the harmonic only accounts fo r  
20 p er cent of th e variance (van Loon ef a / . ,  1968). South of A frica the  
variance accounted fo r rises above 25 per cent (van  Loon and Jenne, 
1969). Calculations for Marlon Island Indicate that the second harmonic 
accounts fo r 20 per cent of the variance of the cycle of the 200 mb zonal 
winds with w esteH y maxima in F ebruary and August, In accordance with  
the second harmonic of th e  tem perature grad ient across 40 to 50*5 (van  
Loon, 1967b; S treten , 1980). The f irs t  harmonic accounts fo r 25 per cent 
with a maximum In November. Seasonal variations of th e  200 mb
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NOVEMBER ----------- FEBRUARY
Fig u re E -1 . Schematic Illustration  of some major surface and 200 
mb features o f the semi-annual cycle In  the Afrlcot; sector of t>;s 
Southern Hemisphere. Median locations are g iven fo r  November 
{dashed) and F ebruary ( fu ll )  o f the: subtropical anticyclones 
from McGee and Hastenrath (19 66 ); A tlantic ctoud band between 
30 and  40 *5  from Streten  (19 73 ); zonally-averaged sub-A ntarctic  
trough from van Loon (1971a). 200 mb winds at Bloemfontein,
Cough and Marlon Islands and SANAE Base (marked with  crosses) 
were taken from the present results while the tropical and polar 
zonal winds are based on van Loon et at. (1968 ). A t polar la th  
tudes the appropriate turn in g  points fa ll In A p ril and October 
ra th er than In  Feb ru ary  and August.
meridional component at Marlon Islanc are dominated by the second h ar­
monic (53 p er cent of the variance) with a phase angle close to that of 
the wave In the meridional winds at Bloemfontein, a result th at may not 
be in terpreted  in terms of contrasting oceanic and continental Influences.
In the vic in ity  of the A ntarctic continent the phase of the second h ar­
monic of the 200 mb zonal mean wind (40 per cent of tha variance) again 
reverses. W esterly maxima of th e  winds occur in A p ril and October about 
one month p rio r to those in th e  tropics and are strongest d uring  periods
I
5
V '
MONTHS
1
I
F igure F '2 . a )  Latitude of the zonally-averaged sub-A ntarctic 
trough from van Loon (1977a) - solid line -  and Streten (1980)
- dashed line; b ) frequencies of cyclones In three southern la t­
itude belts durin g  the period September 1973 to May 1975 from 
Howarth (1983 ).
whun the sub-A ntarctic tro u gh , the latitude of which also undergoes a 
six-month cycle (F ig . E -2a ), is furthest north (van Loon, 1967b, 1971a; 
S treten , 1980), Movements o f the trough are quasi-coherent around the 
polar continent (van Loon and Rogers, 1984) b u t the trough is displaced 
some 2 to 4 ° north of its zonal mean latitude to the south of A frica and 
across the Indian Ocean, a consequence of the deeper equatorward ex ­
tension of the Antarctic continent in th a t sector (S treten , 1980). At
SANAE Base on the Antarctic coast a semi-annual cycle In the 200 mb
meridional winds is present (19 per cent) with poleward maxima, 
synchronised with the wave In the polar zonal winds. In early January 
and Ju ly. D uring February and August, months in which the tropical 
meridional circulation Is dominated by the w inter Hadley Cells and the 
sub-A ntarctic trough is to  the south o f Its mean position, the flow over 
the eastern parts o f southern A frica is anomalously anticyclonlc at 200 
mb (F ig . E -1 ) . Inversely the flow is anomalously cyclonic in May and
November when th e  Hadley Cells are uniformly distributed about the
equator and the sub-A ntarctic trough is displaced northw ard. Similarly 
the flow Is anomalously anticyclonlc over the South Atlantic Ocean In 
November and anomalously cyclonic in February.
i
iMam
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SOUTH ATLANTIC ANTICYCLONE SOUTH INDIAN OCEAN ANTICYCLONE
Figure £ -3 . , Latitudes and longitudes o f the subtropical highs 
o f the Atlantic and Indian Oceans from  McGee and Hastenrath  
(1966) based on Vowlnckel (1955b) -  solid lines •  S treten  (1980)
-  dashed lines -  and S treten  and Pike (1980) fo r the FGOB year
-  dotted lines.
Locations of several features of the circulation In the vic in ity  of southern  
A frica undergo semf-annuai cycles which are synchronised with those of 
the zonal and meridional winds. Th e Indian Ocean subtropical high lies 
fu rth e st south while the South A tlantic subtropical high is fu rth e st west 
In February and August (F ig . E -3) according to the analyses of McGee 
and Hastenrath (1966) based on data derived by Vowlnckel (1955b) fo r  
th e  five -y ea r period 1949 to  1953. Harmonic analyses of the locations of 
both cells reveals that the six-month cycle is dominant, accounting fo r  
56 and 48 p er cent of the variances respectively with maxima In February  
and August. A second harmonic in the latitudinal movements of the South 
Atlantic Anticyclone also occurs (10 per cent) with poleward displacements 
in March and September about one month p rio r to the maximum
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equatorward excursion of the sub-A ntarctic tro u g h . Similar longitudinal 
movements of the South Atlantic Anticyclone to those during  the 1949 to 
1953 period occurred during the five -y ea r period 1972 to 1977 and during  
the FGGE year (F ig , E -3 ), Th e six-month cycle remained dominant but 
the anticyclone was closest to A frica In late A pril and October during the 
1972 to 1977 period and In late March and September during  the FGGE 
ye ar. A marked semi-annual cycle was also present in the longitudinal 
movement of the Indian Ocean Anticyclone during the period 1972 to 1977 
(23 per cent) 4uch th a t th e system was closest to  A frica in early January 
and Ju ly. Six-month latitudinal and longitudinal oscillations of the sub­
tropical anticyclones surrounding South A frica are present, therefore , 
during  all years b u t changes In phase occur between years.
The cloud bands of the A tlantic Ocean and across Australia are furthest  
west in February and August (S treten , 1973), A semi-annual cycle in 
the longitudinal locations of the tropical-tem perate troughs associated with 
cloud bands over southern A frica as for those over the South Atlantic  
and Australia may also occur. The existence of such a cycle is plausible 
in terms both of the semi-annual cycle in rainfall from tropical-tem perate  
troughs over the western Orange Free State with a maximum in February 
(F ig . 3 -5d) when the band may be displaced fu rth e st westward and of 
th e  semi-annual cycle in the frequencies of troughs in the Madagascar 
region (F ig . 9 -2 ),
At Gough Island the second harmonic dominates the seasonal variations 
of both the zonal (69 per cent) and meridional (44 per cent) components 
at 200 mb. W esterly maxima occur in early January and Ju ly and 
northerly maxima in mid-May and mid-November, The semi-annual cycle 
of the meridional wind at Gough Island is thus almost exactly anthphase  
to th a t at Bloemfontein, a reversal suggestive of longitudinal modulations 
of a standing wave across the South Atlantic Ocean. These modulations 
are mirrored in the longitudinal displacements of the Atlantic cloud band. 
The wind is poleward when the median location of the cloud band is close 
to Gough Island and equatorward when the band Is to the west (F ig . 
E -1 )-  Gough isiand receives more rainfall than most islands in the  
southern oceans as a result of Its location close to the mean position of 
the Atlantic cloud band (S tre ten , 1977). No six-month cycle in the
war,
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ra infa ll at the station is present with the second harmonic explaining less 
than one per cent of the variance. No wave occurs therefore In the 
frequency of fronta l disturbances dossing  the Island. Harmonic analysis  
of the data of Howarth (1963) indicates th at in the zone 40 to 49°S the 
monthly frequency of cyclones follows a prime annual cycle with a 
m id-w inter peak at the time of maximum ra in fa ll at Gough Island. Fu rther  
south the frequency of cyclones undergoes six-month cycles consistent 
with the movement of the sub -A n tarctic  trough (F ig . E -2b ), In the 
la titude belt 50 to 59°S cyclones are re latively Infrequent In March and 
September when the trough is displaced southward (F ig . E -2a ). Maxima 
of the second harmonic of cyclone frequencies, which explains 27 per cent 
of the variance, occur towards the end of June and December. Peak 
frequencies o f cyclones in the belt 60 to 79°S occur in the same or ad­
jacent months to the minima fu rth e r  north, the second harmonic ac­
counting fo r 49 per cent of the variance with the phase closely anti-phase 
to th at of the harmonic in th e  50 to 59°S b elt. Rainfall at stations n 
the South Atlantic Ocean and at Marlon Island undergo consistent 
semi-annual cycles (van Loon, 1972a), Marked regional variations in the 
behaviour of the cyclones south of 50®S also occur (How arth, 1983). In 
the South Atlantic Ocean the second harmonic explains 42 and 29 p er cent 
of the variances of the mean central pressures and of the mean latitudes 
of the cyclones respectively with minimum pressures and southerly d is­
placements in March and September. In the South Indian Ocean, where 
the sub-A ntarctic trough is displaced fu rth e r  equatorward than at other 
la titudes, f irs t  harmonics dominate the annual cycles of both central 
pressures and latitudes (55 and 34 p er cent respective ly). Second h ar­
monics, which explain 17 and 14 per cent of the respective variances, 
are In close phase coherence with those In the South Atlantic Ocean. 
Results conform with the fact th a t storm tracks in the South Indian Ocean 
are more clearly defined and subject to  less seasonal latitudinal d is­
placement than at any other longitude (T ren b erth , 1982).
Proposed forcing mechanisms of the semi-annual cycles In the atmospheric  
circulation fall Into two groups - those relating tc  atmospheric mechanisms 
only and those relating to atmosphere-ocean interactions. Th e double 
crossing of the rising branch of the Hadley Cell over the equator during  
the year has been suggested as the cause of the second harmonic In the
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tem perature at the equator (van  Loon and Jenno. 1970b; see also d is­
cussion in Newell e t a l . ,  1974), the link being through seasonal variations 
in the release of latent heat (Dickinson, 1971). Maximum equatorial 
temperatures are achieved in May and November, the months in which 
th e  tropical meridional circulation is quasl-symmetrlc about the equator 
as opposed to being dominated by the winter Hadley Cell (O ort and 
Rasmussen, 1970), A parallel explanation for the semi-annual cycle of 
the tropical wind in terms of the opposition of th e  generation of westerly 
momentum through the Coriolis torque and the annihilation by the 
latitudinal eddy flux convergence, both o f which are also modulated by 
the latitudinal movements of th e  Hadley Cells, has been given by Newell 
e t al. (1969). Kinetic energy of th e  tropical circulation Is strongly  
modulated on a semi-annua! cycle (Rao, Bonattl and Santos, 1984) as Is 
outgoing long-wave radiation over many tropical continental areau (F ig . 
7-4 )  and surface Insolation In the tropics (Reid and Gage, 1981). 
Changes in th e  tropical continental atmospheric heat budget may tnerefore  
account fo r the semi-annual cycle In the circulation and indicate that the 
semi-annual cycle Is a d erivative o f the annual cycle. Support fo r this 
contention Is given by the phase relationships between the annual and 
semi-annual cycles of the circulation over the central in terior of South 
A frica . T urn ing  points o f the relative angular momentum on the annual 
cycle and of the earth angular momentum flux on the semi-annual cycle, 
fo r example, occur on the same days (Table 5 -1 ),
Atmosphere-ocean in teractions must nevertheless play an important role 
in the forcing of the circulation changes on the semi-annual cycle. Sea 
surface temperatures across all oceans are modulated In p art on the 
semi-annual cycle (Fanfilova, 1972; Weare et a l . ,  1976; Weare, 1977; Chiu 
and Newell, 1983) as Is the rate of storage of heat In th ocean according 
to  Raid and Gage (1981 ). O ver the Pacific Ocean the strongest 
semi-annual cycle signal In sea surface temperatures occurs over the  
northern parts of the ocean (Weare et a l . ,  1976). A t about 15eN, as a 
consequence a*  the double passage of the strongest north-easterly trade  
winds across th a t latitude (W yrtki and M eyers, 1976), th ere  Is a 
semi-annual cycle in the surface easterly flow and In the surface stresses 
w ith  maxima In June and December (Goldenberg and O 'B rien , 1981). 
These phenomena are associated with resultant signals In the atmospheric
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circulation across the North Pacific Ocean (Lanzante, 1983, 1985). V a r­
ious oceanographic and atmospheric circulation parameters in the  
equatorial Pacific Ocean including the equatorial surface easterly compo­
nent (Meyers, 1<179; Goldenberg and O’B rien, 1981; Busalacchl and 
O 'B rien , 1981), ti ■' depth o f the thermocline (Meyers e t  o /., 1932) and 
the height o f sea level (/Vyrtk i and Leslie, 1980; M eyers, 1982) are 
modulated on a semi-annual cycla. According to  Meyers (1982) th e  phases 
of the cycles of t ^ - e  parameters are In ter-re lated  and remain 
quasi-constant but mplitudes of the cycles va ry  in comparison to
those of the corresponding annual cycles between years. Maximum am­
plitudes of the semi-annual cycles o f sea level heights, In excess of those 
o f the annual cycles, occur in high phase years o f the Southern Oscil­
lation. A lternatively the cycle of sea level heights Is dominated by the 
annual cycle during years with an El Nino. I t  may be noted that the 
semi-annual cycle in the meridional flow is dominant across the central 
In terior o f South A frica in the w etter years b u t that th r  nnual cycle is 
dominant in the d rie r, El Nino, years. Tho divergence of th e  equatorial 
zonal component on the semi-, nual cycle In th e  Pacific Ocean is con­
sistent, according to Meyers (1982 ), with the modulation of the convection 
In the Indonesian region as observed in A,'e  outgoing long-wave radiation 
fie ld  (F ig . 7 -4 ) by Heddinghaus in d  K rueger (1981).
T h e atmospheric semi-annual cycle over the equatorial Indian Ocean is a 
monsoon signature of highest amplitude over the n o rtf -west o f the ocean 
»:.d decreasing amplitudes towards the south and the east (Ramage, 
1974). As in the Pacific Ocean there are linked semi-annual cycles In 
several equatorial oceanographic and atmospheric parameters (W yrtk i, 
1973; Quodfasel, 1982; McPhaden, 1982; Luyten and Roemmich, 1982; 
Hellerman and Rosenstein, 1983; Gent a t a t . ,  1983). T h ere  are 
semi-annual cycles in several components of the heat budget over large 
areas of the northern Indian Ocean (Hastenrath and Lamb, 1979b). In 
p a rt the cycles In th e  equatorial ocean are driven  b y the semi-annual 
cycle in the zonal winds across the ocean which at 700 mb at Dar es 
Salaam Is of inverse phase to th a t at 200 mb at Cocos Island (van Loon 
and Jenne, 1970b), Maximum 200 mb Cocos Island easterlies occur In 
m id-Febvuary and mid-August (van Loon and Jenne, 1969). Thus there 
Is a semi-annual cycle In the sense of the Indian Ocoan‘W alker Circulation
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fo r which strongest easterlies occur with the minima in the outgoing 
long-wave nd iatio n  over both the Indonesian region and over A frica at 
20°S (F ig . 7 -4 ) .  L ittle is known of the semi-annual cycle in the c ircu ­
lation over the tropical A tlantic Ocean, should It  ex ist. Semi-annual 
cycle, !n the heat budgat of the ocean are present only over restricted  
regions (Hastenrath and Lamb, 1978).
A t high latitudes seasonal variations in the oceanic heat budget have been 
proposed as the source o f circulation changes on the semi-annual cycle 
(van Loon, 1967b). As in tropical latitudes the phase of the cycle re ­
mains quasi-stable as evidenced fo r the cycle of surface pressure (van 
Loon, 1972c) ar J surface zonal winds (van  Loon and Rogers, 1984). I t  
has been suggested th a t a link exists between the Southern Oscillation 
iind th e  Southern Hemisphere temperate latitude semi-annual cycle (van 
Loon, 1963). Oceanic responses to the six-month cycles o f the low-level 
winds in tiie IrJ ia n  Ocean have been detected both at about 42PS, where 
'h e  strengt'.i of the eastward c u rren t undergoes a semi-annual cycle w ith ' 
r»3Mima lagging those of the winds b y ubout th ree weeks (van  Loon,
I f  lb).
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SUMMARY OF THE HARMONIC ANALYSIS RESULTS
T he following summarises the results of the harmonic analyses of rainfall 
in Chapter 3 , of circulation parameters at Bloemfontein in Chapter 4 and 
of th e ir standard deviations in Appendix B and of the  meridional mo­
mentum fluxes in C hapter 5 . There is a change in the period of the data 
base fo r the rainfall (1967 to 1977) and u p p er-a ir (1968 to 1977) analyses. 
Removal of the 1967 data from the rainfall set results In only minor 
changes to the results presented in Chapter 3 except fo r those fo r the  
east coast troughs fo r which the phase of the annual wave over the  
western Orange Free State shifts to a maximum In late January. Results 
presented below incorporate calculations fo r rainfall fo r the 1968 to 1977 
period.
R ainfall. The f irs t  harmonic of the integral rainfall reaches its masimuiu 
in early February in close synchronism with those of th e  f irs t  harmonics 
of rainfall from most of the individual types o f systems (F ig . F -1 ) . Only 
the ra infa ll cycle o f the tropical-tem perate troughs has a large-amplitude 
second harmonic with a summer maximum close to that of the f irs t  har­
monics. O ther appreciable summer six-month wave maxima occur in late 
March or early October fo r the west coast troughs, coastal depressions 
and east coast troughs.
Thermodynamics. Values of several thermodynamic parameters reach 
maxima or minima around 1 February (F ig . F -2 ) , Maximum surface tem­
peratures are reached a month ea rlie r than the rainfall peak in conjunc­
tion with the minimum surface pressures. Surface temperatures during  
the period of high rainfall may, of course, be affected b /  th e, presum­
ab ly, increased cloud-ness but the tem perature maximum at 500 mb occurs 
about 10 days prio” to and at 200 mb 10 days la te r than the rainfall peak. 
Height maxima a t  500 and 200 mb occur closely synchronously with the 
500 mb tem perature maximum. Although the surface specific humidity
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maximum jrs  a few  days la te r than the ra /.ifall peak and that a t 500 
mb some days before, the rainfall and precipitable water peaks occur 
nearly simultaneously. Th e clearest phase association on tne f irs t  har­
monics is thus between specific hum idity, ra ther than between temper­
ature and pressure, and ra in fa ll. Maxima of the total static energy,
1 FEBRUARY
iMAKCH
•KWEMSfR
1 OCTOBER ,  .  1 JUNE
1 SEPTEMBER ,  ,  I . IV
! AUGUST
F ig u re F -1 . Summary of the results of the harmonic analyses 
of the ra in fa ll In  the western Orange fre e  S tate . Solid lines 
represent maxima on the annual wove and dashed Hnes sumruor 
maxima on the semi-annual wave. O nly harmonics explaining more 
than  10 per cent o f the variance are p lo tted . Note that the 
lengths o f the arrows in  no way re fle ct amplitudes of the h ar­
monics.
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together with the highest thermodynamic instab ility of the atmosphere, 
occur some 10 days before the rainfall peak, Dates of maxima fo r rainfall 
io r  some of the systems such as the tropical-tem perate troughs corre­
spond more closely (to within f iv e  days) with those for several parameters 
including the total static energy, Highest variance of surface tem per­
ature occurs exactly three months p rio r to and of u p p er-a ir tem perature
1 FEBRUARY
14UGUST
Figure  F -2 . As F /g u re F-1 b u t fo r the thermodynamic parameters 
of the atmosphere at Bloemfontein, Phase ong/es ore markod to r  
tem perature I T ) ,  surface pressure  ( p ) ,  geopotentlal height ( z ) ,  
specific humidity ( q ) ,  tota> static energy  (e ^ )  and appropriate  
standard deviations (a )  at the surface [SU R ) and at standard  
pressure /eve/s [m b ).
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fiv e  months la ter than the rainfall peak. Surface pressure and 
upper-level height distributions are approximately anti-phase to the 
rainfall wave. Of the thermodynamic parameters with appreciable second 
harmonics only those of the tem perature and total static energy at 200 
mb reach summer maxima around 1 Feb ru ary. Summer maxima fo r other 
parameters occur subsequent to the rainfall peak.
Kinematics. Phase angles o f the f irs t  harmonics of the surface wind 
components are approximately 90° ahead of th a t o f the rainfall cycle but 
maximum rainfall is associated with weakest w esterly zonal flow at 200 
mb (F ig . F -3 ) . Meridional winds are subjected to only a weak annual 
cycle above the boundary zone with the phase vary ing  markedly between 
levels such that the apparent correspondence between the waves of the 
rainfall and o f the 200 mb meridional winds may be coincidental. No as­
sociation between the annual cycles at the surface of the wind variances 
and rainfall is apparent but peak rainfall occurs with the minimum va ri­
ances of th e zonal wind at 500 mb (a t 200 mb the minimum precedes the 
rainfall peak by about 15 days) and of the meridional wind throughout 
the upper troposphere. A t 200 mb the time of the minimum variance of 
the meridional component corresponds closely with that of the maximum 
rainfall from the tropical-tem perate troughs. Only the meridional wind 
had a major second harmonic throughout most o f the depth o f the at­
mosphere to 100 mb and a t  200 mb the appropriate summer maximum 
poleward flow occurs at the same time as the ra infa ll peak.
Momentum. Highest vaJues of the re lative angular momentum of the at­
mosphere occur in August fo r all of the in teg ra l, rain and no rain groups 
Indicating th a t the corresponding minima develop up to one month after  
the ra infa ll oeak although that of the rain days occurs within 10 days 
of the rainfall maximum (F ig . F -4 ) . The flux of earth angular momentum 
is modulated p rim arily on a semi-annual cycle with the summer maximum 
poleward ( i .e .  minimum equatorw ard) flu x  some 15 days afte r the rainfall 
p ta k . On rain days, however, the flu x  varies prim arily on an annual 
cycle with the maximum 10 days before the ra infa ll peak at the time of 
highest ra infa ll from the tropical-tem perate troughs. The corresponding 
minimum of the flu x  on no rain days occurs 15 days afte r the rainfall 
peak, almost synchronously with the summer maximum flu x  on the domi­
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nant second harmonic. The circulation flux on rain days has a firs t 
harmonic that explains more than 10 p er cent of the variance b u t the 
maximum flux occurs about fiv e  weeks afte r the rainfall maximum. Phases 
of the second harmonics o f the circulation flu x  are such that the summer 
peaks of both the Integral and no rain fluxes develop almost synchro­
nously a few days afte r the rainfall peak but th at of the rain flux occurs 
about one month earlier. O ver the year transient fluxes dominate the 
total transport. Phases of the f irs t  harmonics of these fluxes are such
I FEBRUARY
1 AUGUST
Figure F‘ 3 . As F igure F~1 b u t fa { the kinematic parameters of 
the atmosphere at Bloemfontein. Phase angles are marked fo r  
zonal wind speed ( u ) ,  meridional wind speed ( v )  and appropriate 
standard deviations (a )  at the surface (SU R ) and at standard  
pressure levels  (m b ).
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that minima In the integral and no rain fluxes occur In late December and 
m id-January respectively while the maximum in the rain flu x  occurs in 
early May, Second harmonics of the Integral and rain transient fluxes 
are about 160° out of phase such that summer maxima of the former and 
minima of the la tte r  occur at the time of the maximum of the f irs t  harmonic
Figure F~U. As Figure F -1 but fo r the meridional momentum 
f*uxes at Bloemfontein. Phase angles are given fo r the re lative  
angular momentum of the atmosphere (u ]  and fo r the earth  a n ' 
g u lar momentum ( v ) ,  circulation re lative angular momentum (v u ) .  
transient re lative angular titomentum (v 'u 'J  and total re lative an- 
g u lar  momentum (v u )  fluxes fo r the overall circulation  ( / )  and 
fo r  the ra in  days (R )  and the no ra in  days (N R ).
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of ra infa ll from the tropical-tem perate troughs. Maxima of the corre­
sponding no rain flu x  develop between those o f the other two fluxes.
Phase angles of several of the fluxes correspond closely to those of the 
ra infa ll cycle. Fluxes fo r which the maxima o r minima on the f irs t  har­
monic occur around I February Include the earth angular momentum flux 
on rain days (maximum) and the transient and total relative angular mo­
mentum fluxes on no rain days (minima). On the second harmonic late 
Ja n u ary /e arly  February maxima occur fo r the integral and no rain earth 
angular momentum, integral and no rain circulation, integral transient  
and no rain total relative angular momentum fluxes and minima fo r the 
rain transient and total flu xes. The maximum of the annual ra infa ll cycle 
th erefore occurs with th a t o f the annual earth angular momentum flu x  
and of the summer minimum of the six-month transient flux on rain d ay *.
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